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This study was designed to investigate the penetration and the distribution of poly(d,l-lactic-co-glycolic
acid) (PLGA) nanoparticles in the human skin treated with microneedles. Fluorescent nanoparticles were
prepared to indicate the transdermal transport process of the nanoparticles. Permeation study was per-
formed on Franz-type diffusion cells in vitro. The distribution of nanoparticles was visualized by confocal
laser scanning microscopy (CLSM) and quantified by high performance liquid chromatography (HPLC).
CLSM images showed that nanoparticles were delivered into the microconduits created by microneedles
and permeated into the epidermis and the dermis. The quantitative determination showed that (i) the
kin
icroneedles

LGA
anoparticles
opical drug delivery

permeation of nanoparticles into the skin was enhanced by microneedles, but no nanoparticle reached
the receptor solution; (ii) much more nanoparticles deposited in the epidermis than those in the dermis;
(iii) the permeation was in a particle size-dependent manner; and (iv) the permeation increased with
the nanoparticle concentration increasing until a limit value was reached. These results suggested that
microneedles could enhance the intradermal delivery of PLGA nanoparticles. The biodegradable nanopar-

relea
e use
ticles would sustain drug
strategy would prove to b

. Introduction

The stratum corneum (SC) barrier plays a critical role in
ransdermal drug delivery. Many strategies have been used to
mprove transdermal drug delivery including chemical pene-
ration enhancers and different physical enhancement vehicles
uch as microneedles (Prausnitz, 2004; Verbaan et al., 2007) and
ontophoresis (Kanikkannan, 2002). Drug permeation by these
trategies was enhanced, but the drug that had permeated into the
kin was gradually absorbed into the systemic circulation and only
ittle could stay in the skin layers. However, the dermatological
iseases needed that drug accumulated in the skin to play a local
reatment. For example, the pigmentation needed drug accumulate
n the skin to inhibit melanin formation. Therefore, it was necessary
o develop a strategy to improve the skin retention of the drug.
Nanoparticles have been extensively studied for oral and par-
nteral administration owing to their sustained drug release (de
alon et al., 2001; Jenning et al., 2000). This property of nanopar-
icles could also be utilized for topical drug administration to
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E-mail address: liullk@126.com (S. Gao).
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se in the skin and supply the skin with drug over a prolonged period. This
ful for topical drug administration.

© 2010 Elsevier B.V. All rights reserved.

support the skin with drug over a prolonged period and to main-
tain a desired drug concentration in the skin. Many researchers
had attempted to use nanoparticles for topical drug delivery, and
they found that the drug permeation was enhanced by gradual
drug release from the nanoparticles on the skin surface, but did
not find the nanoparticle carriers inside the skin (Alvarez-Roman
et al., 2004b,c; Luengo et al., 2006). This suggested us that as a drug
delivery vehicle, the nanoparticle could sustain drug release, but if
it was applied as a drug reservoir to treat the skin disease, it must be
delivered into the skin layers instead of remaining on the skin sur-
face. Some other researchers attempted to verify the penetration of
nanoparticles across the skin, but found that only few of nanoparti-
cles were able to permeate into the skin passively through the hair
follicles while most nanoparticles were primarily restricted to the
uppermost SC layer and unable to penetrate the skin (Lademann
et al., 2007; Toll et al., 2004). An effective approach was needed to
assist nanoparticles to overcome the SC barrier.

Microneedles have been used widely to increase the skin per-
meability of drugs (Chabri et al., 2004; Prausnitz, 2004) which was

due to that the microneedles can transiently create microconduits
that can penetrate through the SC barrier, extend into the viable
epidermis and facilitate the drug permeation. To investigate if the
microconduits on the epidermis produced by microneedles could
be the channels for nanoparticles to penetrate the membrane, the

dx.doi.org/10.1016/j.ijpharm.2010.09.037
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:liullk@126.com
dx.doi.org/10.1016/j.ijpharm.2010.09.037
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esearches in vitro have been designed and proved that polystyrene
anoparticles could traverse the human epidermal membrane into
he receptor compartment (Coulman et al., 2009; McAllister et
l., 2003). Then, in the penetration experiments in vitro using the
ull-thickness skin, while the microconduits in the epidermis were
roduced by ViaDermTM, it was found that polystyrene nanopar-
icles could diffuse into the dermis as well as into the epidermis
Birchall et al., 2006). All the studies above indicated that micronee-
les may be an effective vehicle for the intradermal delivery of
anoparticles.

After the skin treated with microneedles, the distribution of
anoparticles in the different skin layers was little reported, even

f it had been proved that using microneedles was beneficial to the
ermeation of nanoparticles (Coulman et al., 2009; McAllister et
l., 2003). The amount of the nanoparticles deposited in the skin
ecided whether the drug accumulated in the skin would reach
o the dosage for treatment. This result would decide whether the
ombination of microneedles with nanoparticles could be an effec-
ive approach for topical drug administration.

This study was designed to investigate the penetration and
he distribution of nanoparticles in the full-thickness human skin
reated with microneedles in vitro. The biodegradable and bio-
ompatible poly(d,l-lactic-co-glycolic acid) (PLGA) was used as the
anoparticle carrier. To verify the presence of nanoparticles in the
kin, coumarin 6 was selected to be a fluorescent probe to indi-
ate the penetration process of nanoparticles. Observation was
one under confocal laser scanning microscopy (CLSM), knowing
hat little or no sample preparation is needed and there would
e little interference with the observation of the nanoparticles.
anoparticles located in different skin layers were quantified by
igh performance liquid chromatography (HPLC).

Previous CLSM investigations to examine the polystyrene
anoparticles (diameter 20–200 nm) across the intact porcine skin
howed that small particles could be delivered into the hair follicles
ore favorably than big particles (Alvarez-Roman et al., 2004c),

mplying that the size of nanoparticles may influence the pene-
ration of nanoparticles through the microconduits. So we used
anoparticles of different sizes to evaluate the effect of the size
n the penetration. In addition, various concentrations of nanopar-
icles were applied in order to achieve the maximal permeation.

. Materials and methods

.1. Materials

Materials used in the present study included PLGA (50:50,
w = 15,000) (DaiGang Biotechnology Co. Ltd., Jinan, China);

olyvinyl alcohol (PVA) (1788, Mw = 22,000), 87–89% hydrolyzed
Jingchun Chemical Reagent Co. Ltd., Shanghai, China); and
oumarin 6 (Acros Organics Chemical Co. Ltd., New Jersey, USA).
ll chemicals and solvents were of analytical grade.

.2. Preparation of coumarin 6-loaded fluorescent PLGA
anoparticles

Coumarin 6-loaded PLGA nanoparticles (NP1) were prepared
y a w/o/w emulsification solvent evaporation method as pre-
ious described (Blanco, 1997). Briefly, 100 �l aqueous solution
as emulsified in 1 ml dichlormethane (DCM) solution contain-

ng 100 �g/ml coumarin 6 and 10 mg PLGA by sonication (JYD-900,

hixin Instrument Co. Ltd., Shanghai, China) for 60 s (300 W) in an
ce bath to form the first emulsion (w1/o). The w1/o emulsion was
hereafter poured into 4 ml 1% PVA solution (w2) and sonicated for
0 s (200 W) to form a double emulsion (w1/o/w2). The w1/o/w2
ouble emulsion was then diluted into 40 ml 0.5% PVA solution and
harmaceutics 402 (2010) 205–212

stirred for 4 h to evaporate the DCM. Nanoparticles were collected
by centrifugation (TGL20M, BAida, China) at 12,000 rpm for 30 min
and washed thrice before lyophilization (FD5-3P, SIM, American).
25 mg (NP2) and 40 mg PLGA (NP3) were used to prepare the
nanoparticles of different sizes in the same process.

2.3. Characterization of nanoparticles

Freeze-dried nanoparticles were dispersed in deionized water.
Average size, zeta potential and polydispersity of nanoparticles
were analyzed using a particle size analyzer (Zeta Sizer 3000HS,
Malvern, UK). The nanoparticle suspension was stored at room
temperature for 48 h and then was measured again. At least
three different batches were analyzed to obtain a mean value.
Surface morphology was determined by transmission electronic
microscopy (TEM) (JEM2010, JEOL, Japan).

2.4. Determination of encapsulation efficiency and drug loading
efficiency of coumarin 6

The encapsulation efficiency (EE) and the drug loading effi-
ciency (LE) of coumarin 6 in the nanoparticles were determined by
HPLC. The nanoparticles were dissolved in acetonitrile and mea-
sured by HPLC in triplicates to determine the content of coumarin
6 (Pang et al., 2008). The HPLC system (SHIMADZU LC-10AT Palo
Alto, CA) was equipped with a fluorescence detector and a C18
column (Diamonsil C18, 250 mm × 4.6 mm, 5 �m, Dikma Technolo-
gies, CA, USA). The analyses were performed at room temperature,
mobile phase water/methanol (5/95, v/v), flow rate 1 ml/min,
Ex = 465 nm, Em = 502 nm, Rt 7.1 min. The coumarin 6 peak was
quantitatively determined by comparing with a standard curve:
C = 0.0001A + 0.0394, 0.1–10.0 ng/ml, r = 0.999. Six parallel samples
were conducted. EE and LE were calculated according to the equa-
tions: EE = 100% × amount of the drug in nanoparticles/amount of
the feeding drug; LE = 100% × amount of the drug in nanoparti-
cles/amount of the nanoparticles.

2.5. In vitro release of coumarin 6 from nanoparticles

To determine the amount and the rate of coumarin 6 releasing
from the nanoparticles, an in vitro release study was conducted
over a 48-h period. The nanoparticles were dispersed in 50 ml
100 mM PBS at pH 7.4, and then the suspension was filled into
tubes, incubated at 37 ◦C and continuously shaken at 100 rpm. At
predetermined intervals, 2 ml suspension was taken out, replaced
with fresh PBS, and centrifuged at 15,000 rpm for 30 min. The
supernatant was decanted for analysis. The amount of coumarin
6 released into the PBS solution was determined by HPLC
methodology as previously described. Six parallel samples at each
predetermined interval were prepared, and kept away from light
throughout the experimental procedure.

2.6. Fabrication of microneedles

Microneedles were fabricated with single-crystal Si as starting
material and using a series of photolithography, thin-film deposi-
tion, and reactive ion etching techniques (Henry et al., 1998; Xie
et al., 2005). After deposition and patterning of star oxide patterns
on a Si substrate, the portion of the Si wafers not covered by these
patterns was etched away by a reactive ion etching process to form
the needle shafts. The microneedle arrays were visualized using a

scanning electron microscope (SEM) (XL30, FHILIPS, Holland). An
applicator was designed to fix and give a variant pressure to the
microneedle arrays. To assess the ability of microneedles to cre-
ate microconduits across SC, microneedle arrays were fixed onto
the applicator, pierced into the human abdominal skin with 15 N
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pension stored for 48 h, suggesting that the nanoparticles did not
aggregate during the penetration experiment. The surface mor-
phology of NP1 was evaluated by TEM (Fig. 1). EE was more than 60%
and significantly increased with the nanoparticle size increasing.
W. Zhang et al. / International Journ

ressure, and then removed. The epidermis was separated from the
kin by the hot-plate separation method (Liang, 2005). The pieced
kin and the separated epidermis were spread over methylene blue
ye and subsequently visualized under the microscope with the SC
pside. The pieced skin was fixed in 10% buffered formalin, embed-
ed in paraffin, sectioned, stained by H&E, and observed under the
icroscope.

.7. Transdermal transport study in vitro

.7.1. Preparation and storage of skin samples
Full-thickness skin samples were obtained from a female patient

ndergone abdominal plastic surgery with ethical committee
pproval and informed consent. After excision, the subcutaneous
atty tissue of the abdominal region was removed using a scalpel
nd washed with normal saline immediately. Then the skin was
rapped in aluminum foil, stored in polyethylene bags at −20 ◦C

nd used in two weeks (Aguzzi et al., 2008).

.7.2. Transdermal delivery of nanoparticles in vitro on
ranz-type diffusion cells

The human abdominal skin was treated with microneedles at a
ressure about 15 N. Once the needles were inserted into the skin,
he applicator was held in the position for 1 min to let the micronee-
les create microconduits. The treated skin was then mounted on
ranz-type diffusion cells with the SC side facing the donor. The
iffusion area was 0.50 cm2. 700 �l Fluorescent nanoparticle sus-
ension (0.8 mg/ml NP2 dispersed in the 100 mM PBS, pH 7.4) was
laced in the donor compartment covered with a parafilm to pre-
ent evaporation. Each receptor chamber was filled with 4.5 ml
00 mM PBS at pH 7.4 and kept at 32 ± 0.5 ◦C by a circulating-
ater jacket. The stirring of the receptor solution was maintained

t 320 rpm. The skin without microneedles treatment was used as
he negative control. Six parallel samples were conducted in the
xperiment.

.7.3. Skin penetration of nanoparticles
At the 48-h interval, Franz-type cells were dismantled. The SC

urface of the skin was thoroughly wiped with PBS and blotted
ith cotton swabs. The skin samples were placed on a microscope

lide, observed under a fluorescence microscope, and then scanned
t 488 nm excitation wavelength by CLSM (FluoViewTM FV1000,
LYMPUS, Japan) to visualize the distribution of the fluorescent
anoparticles in the skin (Alvarez-Roman et al., 2004a,c). Images
ere obtained in the xy-plane (parallel to the plane of the skin sur-

ace). The initially scanned skin surface (z = 0 �m) was defined as
he imaging plane of the brightest fluorescence with a morpho-
ogic characteristic of the SC surface. Subsequently, Scanning was
onducted once at the interval of 4.27 �m from the skin surface
hrough the z-axis perpendicular to the xy-plane.

.7.4. Distribution of nanoparticles in the receptor solution and in
he skin

To quantitatively assess the distribution of the nanoparticles,
he amount of nanoparticles in the receptor solution and that in
he different skin layers were determined by HPLC.

At predetermined time intervals, Franz-type cells were disman-
led. A 500 �l sample was collected from the receptor solution,
issolved in 2.5 ml acetonitrile and then measured by HPLC to
etermine the content of coumarin 6. The effective area of the skin
as cut off and the SC was wiped with deionized water for five
imes. The epidermis was separated from the dermis using the hot-
late separation method (Liang, 2005). The skin was placed on the
ot plate (heated in 50 ◦C water) for 5 min. Then the epidermis was
eeled and scraped off from the skin with tweezers. The epidermis
nd the remaining dermis were cut into small pieces, homogenized
harmaceutics 402 (2010) 205–212 207

in 2 ml deionized water under ice bath for 10 min, and centrifuged
at 15,000 rpm for 20 min. 500 �l clear supernatant was mixed
with 2.5 ml acetonitrile for protein precipitation, subsequently sub-
jected to the vortex for 30 s, and centrifuged at 15,000 rpm for
20 min. The clear supernatant thus obtained was analyzed by HPLC
as described above to determine the content of coumarin 6. The
extraction protocol verified by the adding sample recovery test was
able to extract more than 99% of the applied dose.

The amount of nanoparticles was calculated according to the
equation: amount of nanoparticles = 100 × content of coumarin
6/LE.

The percentage of the applied nanoparticles delivered into the
receptor solution and depositing in the skin was calculated and
plotted versus time.

2.7.5. Effect of size and concentration of nanoparticles on the
penetration

To assess the effect of the nanoparticle size on the permeation
and the distribution, a study using nanoparticles of different sizes
(NP1, NP2 and NP3) was performed and the concentrations of
nanoparticles were all adjusted to 0.8 mg/ml.

To assess the effect of the nanoparticle concentration on the
permeation, the nanoparticle suspension (NP2) of different con-
centrations (range 0.4–3 mg/ml) were applied in the donor.

2.8. Data analysis

The data were presented as mean ± SD. Statistical significances
were determined using two-sample t test and analysis of variance
(ANOVA) with P < 0.05 as a significance level.

3. Results and discussion

3.1. Characterization of nanoparticles

Table 1 indicates the physical characterization of the nanopar-
ticles of different formulations. An increasing trend in the mean
particle size was observed when the PLGA concentration increased
in the nanoparticle formulations. Zeta potentials were all negative
and not in the range of −30 and +30 mV, within which suspensions
are considered unstable (Sugrue, 1992). The particle size and the
polydispersity almost did not change after the nanoparticle sus-
Fig. 1. Image of NP1 by transmission electronic microscopy (TEM).
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Table 1
Average size, zeta potential, polydispersity index, EE and LE of different nanoparticle formulations.

Formulation (concentration of PLGA, mg/ml) Mean size (nm) Zeta potential (mV) Polydispersity index EE (%) LE (%)

NP1 (10) 160.1 (1.97) −30.9 (0.85) 0.114 (0.006) 61.40 (0.22) 0.61 (0.00)
NP2 (25) 205.5 (7.47) −33.3 (0.61) 0.191 (0.007) 81.33 (0.15) 0.33 (0.00)
NP3 (40) 288.2 (6.26) −36.3 (0.46) 0.225 (0.003) 94.46 (0.30) 0.24 (0.00)

Results are expressed as mean (SD) for three measurements.

Fig. 2. (A and B) Scanning electron microscope (SEM) images of star silicon microneedles. (C) Photograph of the applicator of the microneedle arrays. The arrow “a”
corresponded to the platform on which the weights were placed. The arrow “b” corresponded to the microneedles. The arrow “c” corresponded to the platform on which
the skin was placed. (D) Microphotograph of human skin pierced with microneedles and stained by methylene blue (4× objective). (E) Microphotograph of the epidermis
separated from the pieced skin (20× objective). (F) Microphotograph of vertical section of the skin pierced with microneedles and stained by H&E (40× objective). The arrow
corresponded to microconduit produced by microneedle.
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ig. 3. Images of skin after the coumarin 6 nanoparticles applied for 48 h. (A) Image
mage of the blank human abdominal skin scanned at 488 nm excitation wavelength
xcitation wavelength by CLSM (10× objective): (C) 0 �m, (D) 34.16 �m and (E) 68.3
avelength by CLSM (10× objective): (F) 0 �m, (G) 68.32 �m and (H) 136.64 �m.

.2. In vitro release of coumarin 6

PBS at pH 7.4 was used to disperse nanoparticles in the subse-
uent ‘Transdermal transport study in vitro’, so we determined the

n vitro release of coumarin 6 in this solution. It was found that
ess than 0.5% of the coumarin 6 released from the nanoparticles
f the three formulations to the donor solution, which was proba-
ly due to that coumarin 6 was lipophilic and hardly dissolved in
he water solution. The results would prove that in the subsequent
Transdermal transport studies in vitro’, the coumarin 6 detected in
he skin tissues and in the receptor solution was mainly attributed

o the permeation of coumarin 6 nanoparticles rather than the per-

eation of free coumarin 6 released from the nanoparticles to the
onor solution. Therefore, coumarin 6 seems to be a suitable marker
or nanoparticles, which is consistent with previous studies (Gao et
l., 2006; Panyam et al., 2003).
e skin in the microneedle group by the fluorescence microscope (4× objective). (B)
LSM. Images of skin at different depth in the microneedle group scanned at 488 nm
. Images of skin at different depth in the control group scanned at 488 nm excitation

3.3. Microneedles

The microneedle arrays were characterized, showing that the
finished microneedle arrays had a surface area of 25 mm2 and
contained 100 microneedles equally distributing in a 10 × 10
arrangement, while each needle with a star pattern tip was 200 �m
in height (Fig. 2A and B). Fig. 2C shows the photograph of the appli-
cator. The pressure to the microneedles could be changed through
changing the weight on the microneedles. Following micronee-
dle treatment at a pressure about 15 N, piercing of the skin was
visualized (Fig. 2D–F).
3.4. Penetration of nanoparticles into the skin

Images of the skin under the fluorescence microscope showed
that the fluorescence of the nanoparticles was apparent in
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ocations of microneedle piercing after the application of coumarin
nanoparticles for 48 h in the microneedle group (Fig. 3A). Images
f the skin at different depths scanned by CLSM showed that the
uorescence of the nanoparticles was inside the microconduits, but
o fluorescence was observed in the other areas (Fig. 3C–E), indi-
ating that the SC was the barrier for the transdermal delivery of
anoparticles, and the nanoparticles may be able to be delivered

nto the skin after the SC broken by microneedles.
The human abdominal epidermis is about 60 �m thick (Fig. 2F).

he fluorescence was still observed at the depth of 68.32 �m
Fig. 3E), indicating that nanoparticles not only permeated into the
iable epidermis, but also diffused into the dermis.

In the control group, images of the skin at different depths
howed that the fluorescence of nanoparticles was not observed
n the skin but in the hair follicles (Fig. 3F–H), suggesting that
anoparticles could not penetrate the SC barrier without micronee-
le treatment, but could passively permeate into the skin by the
ollicular pathway, which is consistent with the previous investi-
ation (Lademann et al., 2007).

Fluorescence of the skin besides the microconduits was
bserved under a fluorescence microscope (Fig. 3A), but not
bserved at 488 nm laser excitation wavelength by CLSM (Fig. 3B),
hich may be due to that the skin was excited at an extensive range

f wavelengths by a fluorescence microscope but only at a single
avelength by CLSM. Thus there was no impact for the survey on

he fluorescence from nanoparticles by CLSM.

.5. Skin penetration

When the human epidermal membrane treated with micronee-
les was used in the penetration experiment in vitro, more than 20%
f the applied polystyrene nanoparticles (diameter of between 100
nd 150 nm) had been detected in the receptor solution (Coulman
t al., 2009). To investigate the ratio of PLGA nanoparticles (diam-
ter in 205.5 nm) in the receptor solution to that in the skin, we
sed the full-thickness human abdominal skin in the penetra-
ion experiment. Although the skin SC barrier had been broken by

icroneedles and nanoparticles had been delivered into the skin
hrough the microconduits, the results of the penetration showed
hat no nanoparticle was detected in the receptor solution even if
he application period was extended to 48 h. A previous study about
he application of PLGA microparticles to the intact skin showed
hat the microparticles were delivered into the skin, but were not
etected in the receptor solution in a period of 24 h (de Jalon et al.,
001). On the basis of these findings, we proposed that the deliv-
ry of PLGA nanoparticles through the microconduits created by
icroneedles is possibly a form of intradermal delivery. The rea-

on may be that the penetration of the nanoparticles was related
ith the nanoparticle size and the channel size (Coulman et al.,

009; McAllister et al., 2003), so the nanoparticles could pene-
rate the epidermal membrane through the microconduits created
y microneedles and then gradually diffused in the skin layers,
ut could not penetrate across the dermis in which no microcon-
uits were created and also could not permeate into the receptor
olution. Moreover, it is difficult for lipophilic drugs to penetrate
he skin tissue (Liang, 2005). PLGA is lipophilic, so nanoparticles

ay gradually accumulate in the skin layers rather than penetrate
nto the receptor solution. Taken together these, the penetration of
anoparticles may be influenced by the effect of the microneedle on
he skin, the nanoparticle size and the physico-chemical properties
f the nanoparticle material.
.6. Skin deposition

Fig. 4A and B shows that the percentage of the applied nanopar-
icles depositing in the epidermis and in the dermis in the
Fig. 4. The percentage of the applied dose of nanoparticles (NP2) depositing in the
epidermis (A) and in the dermis (B) within a 48-h period. The skin without micronee-
dles treatment was used in the control groups. Microneedle groups were compared
with the control groups. (n = 6), **P < 0.01.

microneedle groups was significantly higher than that in the con-
trol groups (P < 0.01) at each interval, suggesting that the skin
penetration of nanoparticles could be significantly increased by
microneedles. The permeation in the negative control group was
supposed to be due to the permeation via the hair follicles as
observed by CLSM. The percentage of the applied nanoparticles in
the microneedle groups was higher than that in the control groups,
which may be due to that microneedles were in the degree of
micrometer and could create much higher density channels than
the hair follicles. Based on this result, microneedles are seemed to
be more effective vehicles than the hair follicles to assist nanopar-
ticles to penetrate into the skin.

Fig. 4A and B also shows that with the lapse of time, the percent-
age of the applied nanoparticles depositing in the epidermis and in
the dermis in the microneedle groups increased more rapidly than
that in the control groups, implying that the advantage of using
microneedles to enhance the intradermal delivery of nanoparticles
would be more significant as time passed.

In addition, Fig. 4A and B shows that the percentage of the
applied nanoparticles depositing in the epidermis was significantly
greater than that in the dermis (P < 0.01). This may be due to that
the microconduits in the epidermis could serve as reservoirs for
nanoparticles to keep retention and progressively diffuse in this
skin layer. As no microconduit was created in the dermis, only few
nanoparticles could diffuse into this skin layer.
3.7. Effect of nanoparticle size and concentration on penetration

As shown in Fig. 5, the percentage of small nanoparticles pen-
etrated into the skin (epidermis and dermis) was significantly
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Fig. 5. The percentage of the applied nanoparticles of various sizes depositing in
the human skin in the microneedle groups after a 48-h period application. Multiple
comparisons among the groups were statistically analyzed. (n = 6), **P < 0.01.
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ig. 6. The amount of nanoparticles of various concentrations depositing in the full-
hickness human skin in the microneedle groups after a 48-h period application.
n = 3).

reater than that of big nanoparticles (P < 0.01), suggesting that
he penetration through microconduits was in a size-dependent

anner. So reducing the particle size would be beneficial to the
enetration. Generally, the amount of the drug loaded in the
anoparticles increases with the nanoparticle size increasing, while
he amount of nanoparticles permeated into the skin decreases
ith the nanoparticle size increasing. To achieve the maximal drug
enetration, both of the drug loading efficiency and the nanopar-
icle size should be considered when nanoparticles are applied for
opical drug administration.

Even though the amount of big nanoparticles depositing in the
hole skin was lower than that of small nanoparticles, the ratio

f the amount of nanoparticles in the dermis to the epidermis
ncreased with the nanoparticle size increasing (Fig. 5). The reason

ay be that larger particle size could result in that more feeding
rug was encapsulated in each nanoparticle, although the amount
f big nanoparticles permeating into the dermis may be smaller.

As we know, the nanoparticles size detected by the particle size
nalyzer is a mean value and the polydispersity index shows the
article size distribution. Since the particle size could influence the
enetration of the nanoparticles, the polydispersity index would
lso affect the penetration. Therefore, reducing the polydispersity
ndex would decrease the variance of the penetration.

Fig. 6 shows that the permeation rate increased with the

anoparticle concentration increasing, but the increase extent
ecreased gradually. The reason may be that the skin was saturated
nd the permeation reached a limit value when the concentration
radually increased, so an appropriate concentration with the max-
harmaceutics 402 (2010) 205–212 211

imal penetration and the minimum drug-cost should be considered
when nanoparticles are used for topical drug administration.

4. Conclusion

CLSM images in our study clearly showed that the nanoparticles
were delivered into the skin (epidermis and dermis). Quantitative
results indicated that all nanoparticles deposited in the skin; the
amount of the nanoparticles depositing in the skin was significantly
enhanced by the microneedles; much more nanoparticles located
in the epidermis than that in the dermis; the permeation was in a
size-dependent manner; the permeation rate of the nanoparticles
reached a limit value with the nanoparticle concentration increas-
ing. These results were needed to be further confirmed by an in vivo
experiment. On basis of in vitro experiment results, the biodegrad-
able PLGA nanoparticles would sustain drug release in the skin
over a prolonged period. This delivery strategy would prove to be
potentially effective for topical drug administration and be used for
clinical treatment for dermatological diseases.
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