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ABSTRACT: This study attempts to investigate the trans-
dermal permeability, the bioavailability and gene expression of
plasmid formulated with nonionic poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-
PEO) polymeric micelles (PM). Dynamic light scattering
(DLS) and atomic force microscopy (AFM) were used to
analyze the PM formulated pCMV-Lac Z (P/PM) containing
the gene for β-galactosidase (β-Gal) driven by cytomegalovirus
early promoter. Franz diffusion cell was used for in vitro
transdermal permeability analysis. Real-time PCR was used to
quantify the permeated plasmid in vitro and in vivo. β-Gal
activity assay was performed to evaluate transgene expression in vivo. The size of P/PM was ∼50 nm with round shape. PM
significantly enhanced the in vitro transdermal permeability of plasmid in a direction- and temperature-dependent manner.
Following transdermal application of P/PM, higher area under the curve (AUCP/PM: 98.34 h·ng/mL) and longer half-life of
plasmid were detected compared with that of plasmid alone (AUCP: 10.12 h·ng/mL). Additionally, the β-Gal activity was
significantly increased in skin, stomach, brain and spinal cord at both 48 and 72 h after P/PM application and in testis and spleen
at 72 h postapplication. In conclusion, PM formulation enhanced the permeation of plasmid through skin into blood circulation,
increasing its absorption and the transgene expression in various tissues.
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■ INTRODUCTION
The skin is an attractive delivery route, primarily because of its
being the largest surface in the body and relatively easy to
access and monitor.1 Topical administration of DNA has
recently received great attention in the fields of cutaneous and
local gene therapies.1−7 In the past, topical administration of
plasmid with liposomes to predepilated mouse skin or hairless
rat pup resulted in a maximal transgene expression detected at
24 h postadministration but declined at 48 h, and the
expression was distributed in the epidermis, dermis and hair
follicles.1−3 Although the low penetration efficacy of topically
applied DNA through skin is a major concern, the transgene
expression was detected when naked DNA was topically
applied to skin with puncture-mediated instillation, gene gun or
electric pulse devices, or to damaged skin.4−7 However, less
invasive approaches will be more attractive to achieve both
therapeutic efficacy and patient acceptance.
Recently, transdermal application has been an emerging

route for systemic gene delivery since increasing evidence imply
that exogenous DNA may permeate the skin, reaching the
underlying tissues and even enter the blood circulation.7−9

Kang et al.8 reported that, following topical application of
naked DNA to the skin of hairless mice at a relatively higher
dosage of 300 μg/mouse, which was about 3- to 10-fold the
amount used in other studies, plasmid DNA was detected in
blood starting at 1 h postapplication and up to 24 h,7,10

indicating the success of DNA delivery across the skin tissue.

However, a low absolute bioavailability (0.18%) of the delivered
DNA was reported and reasoned by the presence of the stratum
corneum structure in the skin, which were well-known as a rate-
controlling barrier for skin permeation.11,12 Therefore,
improving the efficiency of plasmid passing through an intact
skin tissue via nanopathway of the stratum corneum may be
one way to increase the absorption and the bioavailability of
plasmid for systemic delivery.13

Nano polymeric particles have several advantages for dermal
and transdermal deliveries, including the increased flux,
sustained release and enhanced bioavailability of formulated
drugs and genes.3,13−16 Among the polymeric carriers, a
nonionic PEO-PPO-PEO triblock copolymer has been widely
used in the fields of medicine, pharmaceutics, ophthalmics and
cosmetics with its relatively low toxicity.17−21 The hydrophilic
PEO corona and the hydrophobic PPO core of the copolymer
allow it to self-assemble to nanosized polymeric micelles (PM)
with higher resistance to protein/serum absorption and
enzymatic digestion.17−19,22 In addition, formulations with
this triblock copolymer give rise to a more stable and sustained
drug release with longer circulation time after iv injection, as
well as oral or transdermal patch delivery.23−26 Therefore, the

Received: July 7, 2011
Revised: November 2, 2011
Accepted: December 5, 2011
Published: December 5, 2011

Article

pubs.acs.org/molecularpharmaceutics

© 2011 American Chemical Society 111 dx.doi.org/10.1021/mp200342h | Mol. Pharmaceutics 2012, 9, 111−120

pubs.acs.org/molecularpharmaceutics


aim of this study was to evaluate the feasibility of the
nanocarrier, PM, to enhance transdermal permeability of
plasmid and to investigate the pharmacokinetics and gene
expression of PM-formulated pCMV-Lac Z (P/PM) after in
vivo topical transdermal administration. We detected an
enhanced transdermal permeability of plasmid after PM
formulation, and the transdermal permeation may involve an
energy-dependent process. In vivo topical transdermal admin-
istration of P/PM, a higher area under the curve (AUC) and
longer half-life of the plasmid were detected compared with
those detected in animals receiving pCMV-Lac Z alone. The β-
Gal activity was significantly increased in skin, stomach, testis,
spleen and distant organs like brain and spinal cord.

■ MATERIALS AND METHODS
PEO-PPO-PEO copolymer with an average molecular weight of
8,400 (Pluronic F68) was obtained from the BASF Corporation
(Ludwigshafen, Germany). All other chemicals were analytical
reagent grade and used without further purification. Animal
experiments were approved by the Laboratory Animal Research
Committee of Taipei Medical University. The nude mice
(BALB/cAnN.Cg-Foxn1nu/CrlNarl, male, 6 to 8 weeks old)
used in the in vitro permeation and in vivo topical transdermal
delivery studies were purchased from the National Laboratory
Animal Center (Taipei, Taiwan) and maintained under specific
pathogen free condition.
Preparation and Characterization of Plasmid DNA

and Plasmid/Polymer. The pCMV-Lac Z plasmid, contain-
ing the Lac Z gene for β-galactosidase (β-Gal), was constructed
such that Lac Z expression was driven by the cytomegalovirus
early promoter.22,26 Plasmid was amplified in the Escherichia coli
host DH5α strain and was purified by equilibrium centrifuga-
tion in a CsCl−EtBr gradient.27 The purity and stability of
plasmid preparations were confirmed by agarose gel electro-
phoresis followed by ethidium bromide staining, and the DNA
concentration was measured by UV absorption at 260 nm. In
this study, different concentrations (0.01, 0.1 and 5%) of
polymer were freshly prepared by a weight percentage basis as
described in previous studies.21,22,24 The assembly of PM was
previously confirmed by a fluorescence probe, pyrene, and the
critical micelle concentration (CMC) of polymeric micelles was
above 0.1%.22,24 After plasmid/polymer was mixed with
different concentrations (0.01, 0.1 and 5%) of polymer with
plasmid (0.4 μg/μL), the amount of plasmid encapsulated in
the PM was calculated by measuring the difference between the
total amount of plasmid (P) added in the PM preparation and
the amount of non-entrapped plasmid remaining in the
aqueous solution. After the complex was formed at ambient
temperature for 2 h, two separated peaks of the complexes P/
PM and non-entrapped plasmid (P) were determined by HPLC
analysis (TSK-GEL G5000 PWXL column, 0.7 mL/min flow
rate of water (pH 4.5) mobile phase). Loading efficiency of P/
PM [(total amount of plasmid − non-entrapped plasmid)/total
amount of plasmid)] was found to be 58 ± 3%. In addition,
similar results were confirmed by collection of two separated
fractional peaks and were quantified by real time-PCR.
The particle size and zeta potential of plasmid (0.4 μg/μL in

H2O) alone, polymer at various concentrations (0.01, 0.1 and
5%) and plasmid/polymer (0.4 μg/μL of plasmid DNA in 0.01,
0.1 or 5% of polymer) were measured by quasi-elastic laser
dynamic light scattering (DLS) (Zetasizer 3000, Malvern
Instruments, Malvern, U.K.) with an assumed refractive index
ratio of 1.33 and viscosity of 0.88. All measurements were

performed at 25 °C at a measurement angle of 90°, and results
are presented as mean ± SD.21,22,24 Three microliters of
plasmid (0.4 μg/μL in H2O), PM (5%) or P/PM (0.4 μg/μL
DNA in 5% PM) was placed on a mica surface with no further
treatment for atomic force microscopy (AFM) (diCP-II; Digital
Instruments/Veeco Metrology Group, Santa Barbara, CA)
observation with constant tapping mode. The cantilevers were
standard NSC15/AIBS silicon single-rectangular cantilever
(230 μm) (MikroMasch, Estonia), and the constant force
mode was used with a resonant scan frequency of 328 kHz. All
images were collected within 1.0 × 1.0 μm2 areas.

In Vitro Membrane Permeation of Plasmid DNA and
Nanoparticles. In order to study the effect of PM on plasmid
permeation, a Franz cell with a cellulose membrane (pore size,
0.2 μm; diffusion area, 0.627 cm2, Pall Life Sciences, USA) was
used for the in vitro permeated study as described
previously.21,24 Additionally, to compare the effect of particle
size on the transport profile, polystyrene nanoparticles with a
mean diameter of 40 or 100 nm (FluoSpheres, Molecular
Probes, Oregon, USA; nanoparticles, containing fluorescein 5-
isothiocyanate, are coated with a relatively hydrophilic polymer
containing multiple carboxylic acids) was used for the in vitro
release study as described previously.28 Plasmid, P/PM (500 μL
of 0.4 μg/μL of plasmid or P/PM) or nanoparticles (500 μL of
0.025%) were placed in the donor compartment, and 6 mL of
pH 7.4 phosphate buffer solution (PBS) was placed in the
receiver compartment. The diffusion cells were maintained at
37 °C in a water bath (SR70, Shimaden, Tokyo, Japan), and
stirring was set at 700 rpm throughout experiment. Samples
were withdrawn from the receiver compartments at fixed
intervals (5, 15, 30, 60, 120, and 240 min) and replaced with an
equal volume of prewarmed PBS. The permeated plasmid DNA
was analyzed by the real-time PCR, and the permeated
nanoparticles were analyzed by a fluorescence spectropho-
tometer F-4500 (Hitachi, Tokyo, Japan) with standard curves.

In Vitro Skin Permeation of Plasmid, Plasmid/Polymer
and Nanoparticles. Fresh samples of abdominal side of nude
mouse skin were removed and mounted carefully between two
compartments of the Franz cell (with 0.627 cm2 of diffusion
area) with a rigid clamp.24 Solution in 100 μL of volume
containing plasmid (0.4 μg/μL in H2O) or plasmid/polymer
(0.4 μg/μL DNA in 0.01, 0.1 or 5% of polymer) or 500 μL of
nanoparticles with diameter of 40 nm (0.025%) was placed in
the donor compartment. The receiver compartment was filled
with 6 mL of PBS (pH 7.4) and maintained at 37 °C (or 20 °C,
4 °C) in a water bath (SR70, Shimaden, Tokyo, Japan) with
700 rpm stirring throughout the experiment. Aliquots (200 μL)
from solution in the receiver compartment were collected at
indicated time intervals and replaced with an equal volume of
prewarmed PBS (or precooled PBS). Additionally, after in vitro
skin permeation of 40 nm nanoparticles, cryosections (10 μm)
of the OCT (Sakura Finetek U.S.A., Torrance, CA, USA)-
embedded, paraformaldehyde fixed permeated skins were
washed and observed using a laser confocal microscope (TCS
SP5 confocal spectral microscope imaging system, Leica,
Germany). Moreover, the skin was pretreated with sodium
azide (150 mM, 15 min) (Sigma-Aldrich, Dorset, U.K.), an
inhibitor of ATP synthesis,29,30 for evaluating whether the
permeation of plasmid, P/PM or nanoparticles involved an
energy-dependent process. The permeated plasmid DNA was
analyzed by real-time PCR, and the permeated nanoparticles
were analyzed by a fluorescence spectrophotometer. The
apparent permeability coefficient (Papp) was calculated
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according to the following equation as described previously.24

Papp = (dC/dt)V/A × C0, where V(dC/dt) is the steady state
rate of plasmids or nanoparticles appearing in the receiver
chamber after the initial lag time, C0 is the initial concentration
of plasmids or nanoparticles in the donor chamber, and A is the
area of skin tissue exposed (0.627 cm2).
In Vivo Transdermal Application of Plasmid or P/PM

on Nude Mice. Animals received food and water ad libitum.
Before application of plasmid or P/PM, mice were intra-
peritoneally anesthetized with a single dose of pentobarbital
(70 mg/kg) for cannulated jugular vein in nude mouse. A 1 cm
incision was made at the ventral neck to expose the jugular vein,
which was then catheterized using a polyurethane catheter and
fixed in place. The plasmid or P/PM solution (100 μL of 0.4
μg/μL in H2O or 5% PM) was transdermally applied to the
skin on the abdominal side with an area of 2 × 2 cm2 with a
cellulose backing membrane in 48 h. At 1, 2, 4, 8, 12, 24, 48, 72,
96, and 120 h postadministration, 50 μL of blood was sampled
from cannulated jugular vein and centrifuged at 13,200 rpm for
10 min at 4 °C. The amounts of plasmid DNA in blood were
further purified by phenol/chloroform extraction, ethanol
precipitated and analyzed by real-time PCR.21,22

Real-Time PCR Analysis of the Permeated Plasmid in
Vitro and in Vivo. Real-time PCR was performed using SYBR
Green PCR Master Mix in an ABI PRISM 7300 Sequence
Detection System (Applied Biosystems 7300 System Sequence
Detection System (SDS) software version 1.3), and the level of
plasmid DNA was determined by the absolute quantification
method according to our previous study.21,22 The primers for
Lac Z (forward, 5′-CTACACCAACGTAACCTATCCC-3′, and
reverse, 5′-TTCTCCGGCGCGTAAAAATGCG-3′) were used.
The conditions for the PCR were as follows: 50 °C for 2 min,
95 °C for 10 min and 40 cycles of 95 °C for 15 s and 60 °C for
1 min. At the end of the PCR cycles, amplification specificity
was confirmed by a dissociation curve analysis and the products
were separated on a 3% agarose gel and stained with ethidium
bromide for visual confirmation of the PCR product.
Pharmacokinetic Profile of the Plasmid in Plasma

Following Transdermal Application. The plasmid concen-
trations in plasma after in vivo transdermal application of
plasmid alone or P/PM were analyzed by the noncompart-
mental analytical model (WinNonlin 4.1, Pharsight, CA, USA)
to obtain the area under the curve (AUC0→∞) and half-life of
plasmid.
Determination of β-Galactosidase (β-Gal) Activity. β-

Gal activity was quantified using the Galacto-Light Plus System
(Applied Biosystems, Foster City, CA, USA) according to the
manufacturer’s protocol as described in the previous study.22

Briefly, mice were sacrificed at 48, 72, or 96 h post-topical
transdermal application, and the tissues including abdominal
skin, lung, heart, liver, stomach, duodenum, kidney, testis, brain
and spinal cord were removed immediately, washed twice with
PBS and then homogenized in lysis buffer. The resulting lysates
were frozen at −80 °C. Following thawing and centrifugation at
13,200 rpm for 10 min at 4 °C, 20 μL of the supernatant was
analyzed for chemiluminescence with a Veritas microplate
luminometer (Turner BioSystems, Inc., Sunnyvale, CA, USA)
with the addition of diluted Galacton-Plus reaction buffer and
incubation at room temperature for 45 min. Total tissue protein
was measured using the DC protein assay kit (BioRad,
Hercules, CA, USA), which was used to normalize β-Gal
activity in each sample.

The histological localization of β-Gal activity was determined
with X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactoside) (In-
vitrogen Life Technologies, Carlsbad, CA, USA).22,26 Tissues
were washed with PBS twice and fixed with 4% paraformalde-
hyde at 4 °C for 90 min, and then rinsed with PBS. The tissue
was then incubated with 10 mM K4Fe(CN)6, 10 mM
K3Fe(CN)6, 0.01% sodium deoxycholate, 0.02% Nonidet-40
(NP-40), and 2 mM MgCl2 in PBS solution containing 1 mg/
mL of X-Gal substrate, pH 7.4, at 37 °C for 48−72 h.
Cryosections (10 μm) of the OCT (Sakura Finetek U.S.A.,
Torrance, CA, USA)-embedded stained tissues were washed in
an acetone−methanol (1:1) solution, and then stained with
hematoxylin−eosin for histological assessment. β-Gal activity
was visualized as the appearance of green-blue color under a
microscope (Olympus BX-40, Japan).

Statistic Analysis. All results were presented as mean ±
SEM. Statistical comparisons were calculated by ANOVA tests
followed by post hoc testing with Dunnett’s, Newman−Keuls,
or Bonferroni multiple-comparison method for comparison of
all groups with the control group, evaluation of the difference
among groups, or comparison of designated pairs of groups at a
95% confidence level.

■ RESULTS
Characterization of PM Formulated Plasmid. The

particle sizes of pCMV-Lac Z, polymer at different concen-
trations (0.01, 0.1 and 5%) and pCMV-Lac Z formulated with
polymer were measured by dynamic light scattering (DLS), and
the results are shown in Table 1. At concentration above the

CMC (0.1%) as our previous studies,22,24 the particle sizes of
5% polymer were significantly larger than those of polymer at
0.01 and 0.1% concentrations, and it was similarly known that
this self-assembly of polymers formed the polymeric micelles.

Table 1. Particle Size and Zeta Potential of Polymer, Plasmid
and Plasmid/Polymera and Apparent Permeability
Coefficient (Papp) of Plasmid and Plasmid/Polymer on Nude
Mouse Skinb

particle size
(nm)

zeta potential
(mV)

Papp (×10
−11

cm/s)

polymer
0.01% 7.1 ± 2.1 −2.1 ± 0.3
0.1% 9.5 ± 2.9 −2.1 ± 0.6
5% 31.4 ± 6.2c,d −2.7 ± 0.2

pCMV-Lac Z 66.8 ± 3.5 −56.7 ± 0.8 3.4 ± 0.8
pCMV-Lac
Z/0.01%

72.1 ± 4.9 −56.6 ± 0.7 4.8 ± 0.9

pCMV-Lac
Z/0.1%

47.6 ± 7.5e,f −15.3 ± 8.8e,f 4.1 ± 1.0

pCMV-Lac
Z/5%

51.1 ± 6.3e,f −1.3 ± 0.7e,f,g 11.2 ± 2.7e,f,g

aPlasmid (0.4 μg/μL in H2O) alone, polymer at various concen-
trations (0.01, 0.1 and 5%) and polymer containing plasmid (0.4 μg/
μL of plasmid in 0.01, 0.1 or 5%) were measured. Results are expressed
as the mean with standard deviation (n = 6). bPlasmid or plasmid/
polymer (100 μL of 0.4 μg/μL of plasmid in H2O or 0.01%, 0.1%, 5%
polymer) in the donor compartment of Franz cells (n = 6−9).
cDenotes a significant difference (P < 0.05) compared with 0.01%.
dDenotes a significant difference (P < 0.05) compared with 0.1%.
eDenotes a significant difference (P < 0.05) compared with pCMV-Lac
Z. fDenotes a significant difference (P < 0.05) compared with pCMV-
Lac Z/0.01%. gDenotes a significant difference (P < 0.05) compared
with pCMV-Lac Z/0.1%.

Molecular Pharmaceutics Article

dx.doi.org/10.1021/mp200342h | Mol. Pharmaceutics 2012, 9, 111−120113



The particle size of pCMV-Lac Z in solution was 66.8 ± 3.5 nm
and significantly decreased to the range of 47.6−51.1 nm upon
formulation with various concentrations of polymer (above the
CMC: 0.1 and 5%) (Table 1). The zeta potential of pCMV-Lac
Z alone was −56.7 ± 0.8 mV (Table 1), and it was about −2
mV for 0.01, 0.1 or 5% polymer alone. Although the zeta
potential of pCMV-Lac Z formulated with 0.01% polymer
(−56.6 ± 0.7 mV) was similar to that of plasmid alone, the

significant increase of the zeta potential to −15.3 ± 8.8 and
−1.3 ± 0.7 mV was detected when plasmid DNA formulated
with 0.1 and 5% polymer, respectively.
To further observe the PM-formulated plasmid, AFM was

used. Results revealed that both PM and P/PM (Figures 1Ab
and 1Ac) have round-shaped appearance and each had particle
size similar to that detected by the DLS method. The
permeating profiles of plasmid in H2O or PM through cellulose

Figure 1. AFM images and release profile of pCMV-Lac Z, pCMV-Lac Z/PM, 40 and 100 nm nanoparticles. (A) AFM images of pCMV-Lac Z (a),
PM (b), and pCMV-Lac Z/PM (c) (3 μL of 0.4 μg/μL plasmid with 5% PM solution on a mica surface). (B) Effect of PM on pCMV-Lac Z (P)
permeation in a cellulose membrane (mean ± SEM, N = 6). (C) Effect of 40 and 100 nm FluoSpheres particle permeation in a cellulose membrane
(mean ± SEM, N = 6).

Table 2. Apparent Permeability Coefficient (Papp) of pCMV-Lac Z, pCMV-Lac Z/PM and 40 nm Nanoparticles Permeating
Nude Mouse Skin at Different Direction, Temperature (37 °C, 20 °C and 4 °C) and Sodium Azide Treatmenta

Papp (cm/s)

37 °C

scb to dermisc sc. to dermis/NaN3
d,e dermis to scf 20 °C 4 °C

pCMV-Lac Zg 3.4 ± 0.8 ndh 1.9 ± 1.3 1.6 ± 0.7 1.1 ± 0.6i

pCMV-Lac Z/PMg 11.2 ± 2.7i ndh 0.2 ± 0.1j 4.0 ± 1.2j 1.7 ± 1.2j

40 nm nanoparticlesk 154.3 ± 10.8 ndh 6.4 ± 0.9l 26.8 ± 3.1l 4.9 ± 0.7l

aPlasmid, plasmid/PM (100 μL of 0.4 μg/μL of plasmid in H2O or 5% PM) or nanoparticles with diameter of 40 nm (500 μL of 0.025%) in the
donor compartment of Franz cells. Data from 6 to 9 experiments and expressed as mean ± SEM. bStratum corneum. cThe stratum corneum to
dermis meant that the plasmid permeated the skin from stratum corneum to the dermis of skin. dNaN3: Sodium azide. eThe stratum corneum to
dermis/sodium azide was represented that the plasmid permeated the skin from stratum corneum to the dermis of skin with preincubated with 150
mM sodium azide. fThe dermis to stratum corneum meant that the plasmid permeated the skin from dermis to stratum corneum. gThe unit of Papp:
×10−11 cm/s. hNot detected. iDenotes a significant difference (P < 0.05) compared with pCMV-Lac Z of stratum corneum to dermis at 37 °C.
jDenotes a significant difference (P < 0.05) compared with pCMV-Lac Z/PM of stratum corneum to dermis at 37 °C. kThe unit of Papp: ×10

−9 cm/
s. lDenotes a significant difference (P < 0.05) compared with 40 nm nanoparticles of stratum corneum to dermis at 37 °C.
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membrane were determined, and the results are shown in
Figure 1B. The accumulated amount of plasmid with PM was
higher than that permeated in H2O. To further compare the
effect of particle size on the permeating profile, nanoparticles
with two diameters (40, 100 nm) were performed. Figure 1C
shows that the permeating rate of 40 nm nanoparticles was
faster than that of 100 nm nanoparticles and was similar to the
releasing profile of P/PM, indicating that the particle size
affected the permeation rate.
Enhanced Transdermal Permeability of Plasmid after

PM Formulation in Vitro. To evaluate whether polymer
formulation increased the transdermal permeability of pCMV-
Lac Z, skin of nude mice was used for in vitro permeation study.
Results in Table 1 show that the calculated apparent
permeability coefficients (Papp) of pCMV-Lac Z formulated
with 0.01 or 0.1% of polymer were similar to that of pCMV-Lac
Z alone (3.4 ± 0.8 × 10−11 cm/s). Upon formulation with 5%
polymer, the Papp values of pCMV-Lac Z, however, were
significantly increased to 11.2 ± 2.7 × 10−11 cm/s indicating
that the polymer at concentration above its CMC enhanced the
transdermal permeability of pCMV-Lac Z.
Transdermal Permeation of P/PM Involve Energy-

Dependent Process. To delineate whether the transport of
pCMV-Lac Z formulated with 5% PM through skin was energy-
dependent, the dependence on direction and temperature of
transport were examined. The results (Table 2) showed that
the Papp value of P/PM from the dermis to the stratum
corneum was significantly decreased compared with that of P/
PM permeated from the stratum corneum to the dermis (Table
2), demonstrating that the transport of P/PM was direction-
dependent. However, the Papp value of the plasmid alone was
no different in both directions. In addition, the Papp of P/PM
was significantly decreased at lower temperatures (20 and 4 °C)
compared with that permeated at 37 °C (Table 2), suggesting
the temperature-dependence of P/PM permeating in the
stratum corneum to the dermis. Furthermore, preadding 150
mM sodium azide, an inhibitor of the ATP synthesis, to skin
caused the Papp values of plasmid and P/PM to be all inhibited
and further supported that the permeation may involve an
energy-dependent process. Meanwhile, there was no difference
in Papp of pCMV-Lac Z alone permeated between 37 and 20 °C.
To compare permeation of solid nanoparticles on skin, 40

nm nanoparticles with zeta potential of −47.7 ± 5.7 mV were
also studied. Results (Table 2) showed that the Papp of 40 nm
nanoparticles was also observed to similarly decrease from the
dermis to the stratum corneum direction compared with that of

40 nm nanoparticles permeated from the stratum corneum to
the dermis. It was also significantly decreased at both 20 and 4
°C compared with that permeated at 37 °C, suggesting the
energy-dependence of permeation of 40 nm nanoparticles.
Furthermore, pretreatment with 150 mM sodium azide also
inhibited permeation of nanoparticles in skin.
Additionally, after in vitro skin permeation of 40 nm

nanoparticles, cryosections of permeated skins were analyzed
by laser confocal microscope to observe the distribution of the
solid nanoparticles. The results (Figure 2) showed that 40 nm
nanoparticles were observed in stratum corneum, epidermis
and dermis of the permeated skin, evidencing that 40 nm
nanoparticles penetrated the stratum corneum and epidermis of
skin and entered the dermis of skin.

Increased Permeation and Circulation Time of
Plasmid with PM Formulation in Vivo. Owing to the
increased transdermal permeability of plasmid by PM
formulation, the pharmacokinetics of P/PM topically applied
to nude mice with 48 h was studied. The results (Figure 3)

Figure 2. 40 nm nanoparticles penetrate via the stratum corneum and epidermis into the dermis of skin. Laser confocal microscopy was performed
on cryosections of nude skin permeated with 40 nm nanoparticles (FluoSpheres with fluorescein 5-isothiocyanate (FITC)) in vitro. Image overlay
was used to localize the fluorescence signal (green) on the tissue sections. Laser confocal microscopy revealed fluorescence signals (40 nm
nanoparticles; green) in the stratum corneum (sc), epidermis (ep), dermis (d) and hair follicle (hf).

Figure 3. Plasma concentration−time profiles of pCMV-Lac Z with
PM. BALB/cAnN.Cg-Foxn1nu/CrlNarl nude mice (6 to 8 weeks old)
were topically administrated with pCMV-Lac Z or pCMV-Lac Z/PM
on the abdominal side of skin within 48 h. After administration, blood
was sampled from cannulated jugular vein at each time point (1, 2, 4,
8, 12, 24, 48, 72, 96, and 120 h postadministration) and DNA levels in
plasma were measured by real-time PCR. The results are expressed as
the mean ± SEM (N = 5−7). *: Significant different (P < 0.05)
compared with pCMV-Lac Z at the same time point.

Molecular Pharmaceutics Article

dx.doi.org/10.1021/mp200342h | Mol. Pharmaceutics 2012, 9, 111−120115



showed that pCMV-Lac Z was detected in plasma starting early
at 1 h, peaked at 2 h and continued to be detectable at 96 h
postapplication of P/PM, while the peak level of plasmid was at
4−8 h and there was no detectable amount of plasmid DNA in
plasma after 48 h application of pCMV-Lac Z alone. The
calculated area under the curve (AUC0→∞) of plasmid in P/PM
application was about 10-fold (AUCP/PM: 98.34 h·ng/mL)
higher than that detected in mice applied with pCMV-Lac Z
alone (AUCP: 10.12 h·ng/mL); the half-life of pCMV-Lac Z
was also increased from 6.46 to 11.34 h upon formulation with
PM.
The Expression of Lac Z Delivered in PM Formulation

via Transdermal Application. To demonstrate the delivered
gene expression in vivo, measurement of β-Gal enzymatic
activity in tissues including skin, liver, heart, lung, stomach,
duodenum, spleen, kidney, testis, brain and spinal cord after P/
PM transdermal application was performed. Results (Table 3)
showed that significant increase of the β-Gal activity in skin was

detected at 48, 72, and 96 h after P/PM application (212.6 ±
28.9, 113.3 ± 38.9 and 38.1 ± 8.9 RLU/mg for 48, 72, and 96 h
respectively, compared with 10.6 ± 4.3 RLU/mg for the control
group, P < 0.05), indicating the success of plasmid penetrating
the skin and expressing the encoded protein. Similar results
were detected in stomach (283.2 ± 36.3 and 190.4 ± 43.4
RLU/mg for 48 and 72 h compared with 55.5 ± 18.0 RLU/mg
for the control group, P < 0.05), brain (166.7 ± 25.1 and 140.5
± 18.1 RLU/mg for 48 and 72 h compared with 33.7 ± 8.9
RLU/mg for the control group, P < 0.05) and spinal cord
(177.5 ± 34.4 and 159.5 ± 20.5 RLU/mg for 48 and 72 h
compared with 48.3 ± 12.7 RLU/mg for the control group, P <
0.05) of mice receiving P/PM. The β-Gal activities were also
significantly increased in spleen (100.1 ± 10.3 RLU/mg for P/
PM, 39.0 ± 6.7 RLU/mg for control group, P < 0.05) and testis
(184.0 ± 35.3 RLU/mg for P/PM, and 55.6 ± 10.9 RLU/mg
for control group, P < 0.05) at 72 h postapplication of P/PM.
There was no significance in β-Gal activity in other tested

Table 3. The β-Galactosidase Activity in Tissues of Mice Topically Receiving pCMV-Lac Z or pCMV-Lac Z/PMa

β-Gal act. (RLU/mg protein)

pCMV-Lac Z pCMV-Lac Z/PM

control 48 h 48 h 72 h 96 h

skin 10.6 ± 4.3 18.4 ± 4.5 212.6 ± 28.9b,c,d,e 113.3 ± 38.9b,c,e 38.1 ± 8.9
liver 2.6 ± 0.6 2.7 ± 0.5 3.1 ± 0.7 3.5 ± 0.7 2.3 ± 0.5
heart 32.1 ± 5.8 29.8 ± 4.0 31.6 ± 9.1 34.4 ± 3.2 28.5 ± 5.8
lung 26.5 ± 6.8 29.1 ± 4.3 25.9 ± 6.5 30.2 ± 9.0 31.8 ± 7.2
stomach 55.5 ± 18.0 68.3 ± 25.5 283.2 ± 36.3b,c,d,e 190.4 ± 43.4b,c,e 84.6 ± 19.4
duodenum 37.8 ± 11.8 41.2 ± 18.3 37.9 ± 15.8 36.4 ± 22.7 41.5 ± 7.8
spleen 39.0 ± 6.7 45.6 ± 4.8 47.3 ± 2.1 100.1 ± 10.3b,c,e,f 50.4 ± 6.0
kidney 19.6 ± 4.5 24.4 ± 1.8 21.8 ± 6.9 25.1 ± 8.2 24.1 ± 2.6
testis 55.6 ± 10.9 56.5 ± 6.8 71.4 ± 10.0 184.0 ± 35.3b,c,e,f 67.6 ± 9.7
brain 33.7 ± 8.9 45.2 ± 14.3 166.7 ± 25.1b,c,e 140.5 ± 18.1b,c,e 48.0 ± 7.3
spinal cord 48.3 ± 12.7 67.5 ± 20.2 177.5 ± 34.4b,c,e 159.5 ± 20.5b,c,e 68.8 ± 10.9

aBALB/cAnN.Cg-Foxn1nu/CrlNarl nude mice were topically administered with pCMV-Lac Z solution or pCMV-Lac Z/PM (100 μL of 0.4 μg/μL
in H2O or 5% PM) on abdominal skin. Tissues were excised at 48, 72, or 96 h after topical application. β-Galactosidase (β-Gal) activity (RLU/mg
protein; N = 6) was expressed as mean and SEM. bSignificant increase (P < 0.05) compared with control group. cSignificant increase (P < 0.05)
compared with pCMV-Lac Z 48 h. dSignificant increase (P < 0.05) compared with pCMV-Lac Z/PM 72 h. eSignificant increase (P < 0.05)
compared with pCMV-Lac Z/PM 96 h. fSignificant increase (P < 0.05) compared with pCMV-Lac Z/PM 48 h.

Figure 4. The whole-mount and histochemical analysis (X-Gal staining) of skin of nude mice after administration of pCMV-Lac Z and pCMV-Lac
Z/PM. Skin was sampled at 48 h after pCMV-Lac Z or pCMV-Lac Z/PM administration. All the images of histological cryosections were counter-
stained with hematoxylin−eosin. Note the blue-green staining corresponding to β-Gal activity indicated by the arrows and observed in the epidermis
(e), dermis (d), hair shaft (hs) and dermal papilla (dp). No inflammatory reaction was noted after pCMV-Lac Z/PM delivery.
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tissues of mice receiving pCMV-Lac Z alone at 48 h (Table 3)
and even 72 h (data not shown) postapplication compared to
the control group (Table 3).
To further histologically localize the β-Gal activity, X-Gal

staining in whole-mount and cryosections of tissues from mice
receiving pCMV-Lac Z or P/PM was performed. Results
(Figure 4) showed that the β-Gal activity was found in the
epidermis, dermis, hair follicle, hair shaft, dermal papilla and
sebaceous gland of skin. The β-Gal activity was also observed in
the chief cells of gastric mucosa in stomach, glial cells and
neuron cells in the gray matter of the brain and spinal cord,
interstitial endocrinocyte (Leydig cell) of the testis and in the
red pulp of the spleen (Figure 5). No such endogenous β-Gal
activity was detected in any tissues. In addition, no toxic or
inflammatory responses were observed by microscopic
examination in all the tissues or animals during the entire
study period.

■ DISCUSSION

The enhanced permeation of plasmid with PM by an in vitro
release method using a cellulose membrane was observed
(Figure 1B). Additionally, the average particle size of pCMV-
Lac Z plasmid (66.8 ± 3.5 nm) was significantly decreased to
the range of 47.6−51.1 nm upon P/PM formulation which has
a similar permeation profile of 40 nm nanoparticles (Figures 1B
and 1C). Regarding the particle size of the solid particles, a
significant reduction in the percentage transport was seen after
incubation with nonflexible 100 nm nanoparticles (Figure 1C),
suggesting the particle size may affect the permeation in 0.2 μm
pores of cellulose membrane. These may indicate that a
complex of plasmid upon formulation with PM could influence
the entrance into cellulose membrane as well as in the stratum
corneum within 44 nm of intercellular space.31 Recently,

polyethylene glycol (PEG)-coated quantum dots (QDs) with
particle size of 45 nm or PEG-containing nanoparticles with
size of 40 nm were shown to penetrate through the stratum
corneum and localize primarily in the epidermis or in some hair
follicle.32,33 These results were consistent with our observation
of the distribution of 40 nm nanoparticles in skin (Figure 2).
However, the apparent permeability coefficients of mouse skin
differed between P/PM and 40 nm solid nanoparticles which
both contained a similar range of particle size and zeta
potential. Unlike solid particles or electrostatic complexes
formed between cationic carriers and DNA, it had been
reported that the P/PM complexes are likely to be formed by
weak/low interactions, such as hydrogen bonds or ion-dipole
between DNA and the poly(ethylene) oxide (PEO) corona
part of PEO-PPO-PEO polymeric micelles.34−36 Therefore, due
to the weak/low interaction between plasmid and PM, plasmid
could be affecting the stability of PM during penetration in the
skin layers as well as enzyme degradation.
On the other hand, using noninvasive flexible carriers,

liposome or transfersome, to deliver compounds with large
molecular weight (interferon, insulin or bleomycin) could
penetrate into stratum corneum and epidermis layer by
interaction of intercellular lipids,13 increase distribution of
compound in epidermis and dermis,37−39 and even transport
therapeutic compound into the body.37 It has been
demonstrated that PEO-PPO-PEO triblock copolymer was
taken up into cells via a receptor-mediated endocytotic
mechanism that can be abolished at low temperature.19,28 In
addition, we previously found that uptake of these PEO
polymeric micelle coronas in cultured cells or the entry of PM-
mediated delivery of plasmid to duodenum in vitro and cornea
in vivo possibly involved a receptor-mediated, temperature-
dependent process.22,26 This finding is consistent with our

Figure 5. The whole-mount and histochemical analysis (X-Gal staining) of stomach, brain, spinal cord, testis and spleen of nude mice after
administration of pCMV-Lac Z and pCMV-Lac Z/PM. Stomach, brain and spinal cord were sampled at 48 h after pCMV-Lac Z or pCMV-Lac Z/
PM administration, and testis and spleen were sampled at 72 h postadministration. All the images of histological cryosections were counter-stained
with hematoxylin−eosin. Note the blue-green staining corresponding to β-Gal activity indicated by the arrows and observe chief cells (c), central
canal (cc), gray matter (gm), glial cells (g), neuron cells (n), red pulp (rp) and Leydig cells (lc). No inflammatory reaction was noted after pCMV-
Lac Z/PM delivery.
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results that P/PM delivery of plasmid to skin was influenced by
temperature, sodium azide, and reversed transport (Table 2).
Moreover, it has been reported that uptake of quantum dots
(QDs) at particle sizes of 12−45 nm in primary human
neonatal epidermal keratinocytes involved endocytosis and was
decreased at 4 °C.40,41 This observation is similar to our results
that 40 nm nanoparticles permeated the intact skin may involve
energy-dependent process (Table 2). Considering the average
50 nm size of plasmid upon formulation with PM in this study,
it is likely that entry of this P/PM via skin may not only
penetrate through stratum corneum within 44 nm of
intercellular space but also involve endocytosis. However, the
detailed nanoentry mechanisms on different cell types or layers
of P/PM through the skin and stability of P/PM in the skin still
need more investigation.
In our in vivo pharmacokinetic data of plasmid with PM

increased the AUC of the plasmid and prolonged the half-life
(Figure 3). These could be supported by PM, which has been
reported to enhance the bioavailability of drugs and genes,21−26

protect the plasmid to be more resistant to DNase digestion in
vitro,22 and reduce clearance of plasmid by the reticuloendo-
thelial system (RES).42,43 Using PEO/PPO block copolymer
for surface modification of nanoparticles, there were also
reports that it minimizes interactions with blood components
and liver macrophage uptake.44,45 In addition, the absolute
bioavailability of the PM-delivered plasmid was estimated to be
6.61% (AUCP/PM: 98.34 h·ng/mL; 40 μg of plasmid)
referenced with the 11150.4 h·ng/mL AUC of plasmid
intravenously administered at a 300 μg amount,8 and this P/
PM formulation increased ∼37-fold (0.18%) of that of plasmid
applied transdermally at a 300 μg amount.8 This nanosized PM
of PEO-PPO-PEO may, therefore, serve as a transdermal carrier
for systemic distribution of plasmid DNA.
Moreover, histological localization of transgene expressed

cells within the skin revealed that the X-Gal positive cells were
distributed in the epidermis, dermis, hair follicle, dermal papilla
and sebaceous gland (Figure 4). The level of transgene
expression (β-Gal activity; Table 3) in skin detected at 48 h
postapplication in this study was similar to that obtained by
liposome-mediated administration.1,3 In addition, the expres-
sion pattern of β-Gal activity was found earlier (48 h) in higher
blood flow organs (stomach, brain and spinal cord) and at 72 h
in lower blood flow organs (spleen and testis). It has been
reported that this copolymer increased drug entry to the bovine
brain microvessel endothelial cell (BBMEC) possibly through
the alterations of membrane structure, microviscosity and the
P-glycoprotein efflux system, resulting in enhanced absorption
and permeability of drugs.19,28,46 We also have reported that
this copolymer improved the bioavailability of small molecules,
such as methylprednisolone (MP) in both plasma and spinal
cord,23 supporting the observation here of the detected Lac Z
expression in brain and spinal cord in the P/PM group in this
study. In addition, gold nanoparticles with smaller sizes of 15
and 50 nm were able to pass through the blood−brain barrier,47
further supporting that the P/PM with particle size (51.1 ± 6.3
nm) is capable of expressing transgene in brain and spinal
cord.8,9

Low X-Gal activity was found at the liver organ in our P/PM
transdermal delivery, and the results of other researchers in
pharmacokinetic studies showed that Pluronic micelles were
accumulated at the liver organs.48−50 However, several reports
had suggested that gene expression efficiency may not correlate
with the pattern of plasmid distribution.51−53 These reports

showed that even liver tissue had high percentage of transgene
in tissues, but overall transgene activity was low compared to
that detected in other organs. They suggested that this may be
due to faster degradation of transgene occurring in liver.51,52 In
addition, the different compositions of Pluronic block
copolymers have been suggested to affect the distribution and
stability of delivered plasmids/drugs.48−50 Therefore, plasmid
could be affected the stability with PM during distribution in
the liver tissues as well as transgene activity.
In conclusion, the transdermal permeability of plasmid was

enhanced by PM-formulation and the PM-mediated trans-
dermal penetration of plasmid may involve a direction- and
temperature-dependent process. With this nano-PM, a nonviral
delivery carrier, we detected a higher plasmid concentration
(AUC) and longer half-life and globally distributed transgene
expression at least for 3 days in skin, stomach, testis, spleen, and
even the distant organs like brain and spinal cord.
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