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ABSTRACT: The aim of this study to administer hydrocortisone (HC) percutaneously in
the form of polymeric nanoparticles (NPs) to alleviate its transcutaneous absorption, and to
derive additional wound-healing benefits of chitosan. HC-loaded NPs had varied particle sizes,
zeta potentials, and entrapment efficiencies, when drug-to-polymer mass ratios increased from
1:1 to 1:8. Ex vivo permeation analysis showed that the nanoparticulate formulation of HC
significantly reduced corresponding flux [∼24:g/(cm2 h)] and permeation coefficient (∼4.8 ×
10−3 cm/h) of HC across the full thickness NC/Nga mouse skin. The nanoparticulate formulation
also exhibited a higher epidermal (1610 ± 42:g/g of skin) and dermal (910 ± 46:g/g of skin)
accumulation of HC than those associated with control groups. An in vivo assessment using
an NC/Nga mouse model further revealed that mice treated with the nanoparticulate system
efficiently controlled transepidermal water loss [15 ± 2 g/(m2 h)], erythema intensity (232 ± 12),
dermatitis index (mild), and thickness of skin (456 ± 27:m). Taken together, histopathological
examination predicted that the nanoparticulate system showed a proficient anti-inflammatory
and antifibrotic activity against atopic dermatitic (AD) lesions. Our results strongly suggest that
HC-loaded NPs have promising potential for topical/transdermal delivery of glucocorticoids in
the treatment of AD. © 2013 Wiley Periodicals, Inc. and the American Pharmacists Association
J Pharm Sci
Keywords: Corticosteroids; allergic contact dermatitis; percutaneous; biodegradable poly-
mers; nanoparticles; in vitro model; ex vivo permeation; in vivo efficacy

INTRODUCTION

Glucocorticoids (GCs) are highly effective drugs that
are widely used in dermatology for the management
of various inflammatory complications. However, sev-
eral local and systemic adverse effects often accom-
pany their long-term use,1,2 limiting the clinical sig-
nificance, and excluding their applicability in chronic
maintenance therapies. In recent times, hydrocorti-
sone (HC), a mild-potency agent of the GC series, has
been administered percutaneously to minimize the
development of unwanted systemic effects. Compared
with other high-potency GC compounds, HC pos-
sesses mild vasoconstrictive activity3; therefore, the
incidence of adverse effects is significantly lower than
that associated with the related anti-inflammatory
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compounds.4 To further limit the adverse effects as-
sociated with GCs, special approaches have been at-
tempted to mitigate the transcutaneous absorption
of GCs and to increase therapeutic feasibility and
patient compliance.

The development of successful topical/transdermal
drug delivery systems has been limited5 because of
the significant penetration barrier provided by the
stratum corneum (SC), the topmost skin layer. The
SC is composed of a multilayered “brick- and mortar-”
like structure, in which the bricks are composed of
keratin-rich corneocytes, and the mortar is an inter-
cellular matrix with a unique composition of lipids.6

To overcome these penetration problems, various ac-
tive and passive penetration-enhancing approaches,
including chemical enhancers,7 electroporation,8

iontophoresis,9 sonophoresis,10 microneedles,11 and
laser ablation,12 have been tested. However, each of
these techniques has limitations in terms of toxicity
to SC and therapeutic practicability.
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Nanotechnology is one of the more advanced and
noninvasive techniques adopted for improving skin
permeation of various drugs.13 Among the vari-
ous nanocarriers, micelles, liposomes, and polymeric
nanoparticles (NPs) have been proposed to facil-
itate percutaneous delivery of therapeutic agents
while mitigating damage to the skin barrier func-
tion of SC.14,15 These colloidal nanocarrier systems
could target GCs to the epidermis, where inflamma-
tory reactions take place.16 Among these colloidal
nanocarriers, NPs have been reported to be more
appropriate for topical/transdermal delivery because
of their exceptional biopharmaceutical properties,
such as high entrapment efficiency (EE), controlled
release rates, and low enzymatic degradation.17

Among the various biodegradable and biocompati-
ble polymers used for preparing NPs, chitosan (CS)
has generated enthusiasm because of its mucoad-
hesive and transepidermal penetrative properties,
which are marked by regulation of intercellular tight
junctions.18

Subsequent to optimization of colloidal character-
istics (in terms of particle size, zeta potential, entrap-
ment, and loading efficiencies) of unloaded and HC-
loaded NPs, the study was aimed at mitigating the
systemic absorption of HC and its accumulation in
the epidermal and dermal layers. Ex vivo drug perme-
ation across dermatomed NC/Nga mouse skin was in-
vestigated using Franz diffusion cells. To evaluate the
in vivo clinical proficiency of the nanoparticulate sys-
tem, transepidermal water loss (TEWL), erythema in-
tensity, dermatitis index, and skin thickness were also
assessed using the NC/Nga mouse model of atopic der-
matitic (AD). To harmonize our results, histopatholog-
ical examinations of NC/Nga mouse skin specimens
were also performed by using hematoxylin–eosin and
Masson’s trichrome staining techniques.

MATERIALS AND METHODS

Materials

Eight-week-old NC/Nga mice were purchased from
Experimental Animal Devision, RIKEN BioRe-
source Center, Tsukuba Ibaraki, Japan. Isoflu-
rane (inhalation anesthetic) was obtained from Pa-
cific Pharmaceuticals (Lahore, Pakistan). CS (MW,
70 kDa; deacetylation degree, 85%), HC (base form),
phosphate-buffered saline (PBS), hematoxylin–eosin,
and Masson’s trichrome stains were purchased from
Sigma–Aldrich Chemicals Company Ltd. (Kuala
Lumpur, Malaysia). Pentasodium tripolyphosphate
(TPP) was sourced from Merck KGaA Com-
pany Ltd. (Dermstadt, Germany). High-performance
liquid chromatography (HPLC)-grade acetonitrile,
methanol, and ethanol were obtained from Fisher
Scientific Korea Ltd. (Seoul, Korea). QV cream (Ego

Pharmaceuticals Pty. Ltd., Kuala Lumpur, Malaysia)
was used as a vehicle base to formulate the nanopar-
ticulate formulation.

Preparation of CS/TPP NPs

CS/TPP NPs were prepared via ionic gelation of CS
with TPP.19 CS solution (0.2%, w/v) was prepared in
1% (v/v) acetic acid at room temperature, and CS/
TPP NPs were tested at various CS/TPP mass ratios
(1:2 to 1:8) and different pH values of TPP solution
(2, 3, 4, 5, 6, 7, and 8). CS/TPP NPs were sponta-
neously developed by adding 10 mL of TPP solution
dropwise into 25 mL of CS solution with constant stir-
ring at 700 rpm. Thereafter, CS/TPP NPs were cen-
trifuged ( 72,000 × g) using Optima L-100 XP Ultra-
centrifuge (Beckman–Coulter, Brea, California, USA)
with NV 70.1 Ti rotor (Beckman–Coulter) at 10◦C for
30 min.

Preparation of HC-Loaded NPs

HC-loaded NPs were prepared by the incorporation
method. CS solution (0.2%, w/v) was mixed and incu-
bated with HC solution (1 mg/mL in a 30:70 ratio of
ethanol and water solvent mixture) for 30 min at var-
ious drug-to-polymer mass ratios (1:1, 1:2, 1:3, 1:4,
1:5, 1:6, 1:7, and 1:8) before addition of TPP solu-
tion (0.1%, w/v). Thereafter, 10 mL of TPP solution
was added dropwise to each reaction mixture with
constant stirring (700 rpm). Finally, the HC-loaded
NPs were harvested by centrifugation ( 72,000 x g) for
30 min and lyophilized at −40◦C for 24 h.

Particle Size and Zeta Potential

To determine the mean particle size and zeta po-
tential, the resulting pellets of unloaded and HC-
loaded NPs obtained after centrifugation ( 72,000 ×
g) were resuspended in distilled water. Then, the
mean particle size and zeta potential of NPs were
measured using a ZS-90 Zetasizer R© (Malvern Instru-
ments, Worcestershire, UK) based on the photon cor-
relation spectroscopy technique. All of the measure-
ments were performed in triplicate at 25◦C with a
detection angle of 90◦. Results were reported as mean
± standard deviation.

Entrapment Efficiency and Loading Capacity

To measure drug EE and loading capacity (LC) of
HC, the standard corresponding calibration curve
was made by analyzing various standard HC solu-
tions (1–1000:g/mL) by using reversed-phase HPLC
(RP-HPLC) (Waters 600 controller, in-line degasser
AF, 2707 Autosampler, and 2998 Photodiode Ar-
ray Detector) with Waters Symmetry C18 column
(250 × 4.5 mm; 5:m) at 248 nm (λmax). EE and
LC of HC were calculated using Eqs. 1 and 2,
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respectively20:

Entrapment efficiency (%) = Wt − Wf/Wt × 100 (1)

Loading capacity (%) = Wt − Wf/Wn × 100 (2)

where Wt is the total initial amount of HC and Wf is
the amount of free HC in the supernatants. Wn is the
weight of lyophilized HC-loaded NPs. All of the mea-
surements were performed in triplicate, and results
were reported as mean ± standard deviation (n = 3).

QV Cream-Based Topical Formulation

For compounding the formulation with semisolid con-
sistency appropriate for topical/transdermal delivery,
QV cream was used as a vehicle base. For adequate
uniformity of contents and homogenous dispersion,
QV cream was liquefied in a water bath at 50◦C with
subsequent vigorous blending of HC-loaded NPs to
formulate the nanoparticulate system (HC–NPs) and
was then allowed to cool prior to further analysis.

Ex Vivo Drug Permeation Studies

Ex vivo permeation studies were carried out using
a jacketed Franz diffusion cell comprising six cells
with a diffusional surface area of 0.654 cm2 and re-
ceptor cell volume of 5 mL; the cell was operated in
continuous stirring mode (600 rpm) at 37◦C (Perme-
gear, Hellertown Pennsylvania, USA). The receptor
compartments were filled with PBS (pH 7.4) and ace-
tonitrile in the ratio 70:30. In current experiment,
the solvent mixture consists of PBS and acetonitrile
was used to improve solubility of HC (because of its
hydrophobic nature) and its permeation across the
dermatomed NC/Nga mouse skin. The dermatomed
full-thickness mouse skin was immediately mounted
on diffusional cells with the SC facing the donor com-
partments and equilibrated using a receiver compart-
ment solution for 1 h to facilitate skin hydration. For
all of the permeation experiments, the cumulative
permeating flux of HC at different time intervals was
estimated using RP-HPLC. The HC permeation flux
:g/(cm2 h) was calculated from the slope of the plot
of the cumulative amount permeated from the der-
matomed NC/Nga mouse skin versus time by using
a linear regression analysis. The permeability coeffi-
cient (kp) of HC across the full-thickness mouse skin
was estimated using Eq. 3 (Ref. 21):

Permeability coefficient = Kp = J/C (3)

where J is the flux and C is the concentration of HC
in the donor compartment.

Analysis of the Amount of HC Retained in Various
Skin Layers

To analyze the amount of drug retained in the epi-
dermis and dermis, the cleaned dermatomed mouse
skin mounted on Franz diffusion cells was subjected
to a heat separation technique22 to separate the epi-
dermis from the dermis. Subsequently, the epidermis
and/or dermis was weighed and extracted with 10 mL
of methanol and acetonitrile (3:1) by mechanical shak-
ing in a water bath maintained at 37◦C overnight.
Thereafter, all of the samples were harvested by cen-
trifugation ( 13,200 × g) at 10◦C for 20 min. HC in the
examined skin layers was quantified using RP-HPLC,
and expressed in terms of micrograms of HC per gram
of skin tissue.

In Vivo NC/Nga Mouse Model for Allergic Contact
Dermatitis

Experimental Animals

Eight-week-old NC/Nga mice were bred with the
aim of obtaining a single line of animals from the
same parents to reduce genomic diversity. They were
housed in an individual ventilated cage assembly
with inlet air filters in an air-conditioned animal
room with a 12-h light/dark cycle at a temperature of
22◦C ± 1◦C and humidity of 60% ± 5%. The mice were
provided with a laboratory diet and water ad libitum.
The experimental protocol for animal handling was
conducted in accordance with the National Institute
of Health (NIH) guidelines and approved by the
Animal Ethics Committee of Universiti Kebangsaan
Malaysia (UKMAEC) (FF/2011/HALIZA/30-
NOVEMBER/408-NOVEMBER-2011–DECEMBER-
2012).

Induction of AD-Like Skin Lesions

Induction of AD-like skin lesions was accomplished
by applying 100:L of a 0.15% solution of 2,4-
dinitrofluorobenzene (DNFB) in acetone/olive oil (3:1)
onto the shaved dorsal skin of anesthetized mice, once
per day on days 1 and 5. Then, on the ninth, eleventh,
and thirteenth days, the mice were sensitized again
by applying 100:L of 0.2% DNFB on the dorsal skin
as described previously.23 The animals were randomly
divided into six groups (n = 6). The baseline group
comprised normal mice and second group comprised
negative control (NG-CON) that received repeated
DNFB applications without any treatment. The ve-
hicle group (VGR) was the AD-induced (through
DNFB application) group and was treated with ve-
hicle cream (QV cream). The fourth and fifth groups
were the positive control groups (POS-CON-0.5 and
POS-CON-1) consisting of AD-induced mice treated
with 0.5% HC and 1% HC commercial creams,
respectively. The sixth group (HC–NP) comprised
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AD-induced mice treated with HC–NPs incorporated
in QV cream (nanoparticulate system).

In Vivo Clinical Efficacy

Transepidermal Water Loss and Erythema Intensity

Transepidermal water loss [TEWL; g/(m2 h)] and
intensities of erythema were determined using a
Tewameter R© TM 300 and a Maxameter R© 18, re-
spectively (Courage + Khazaka Electronic GmbH,
Cologne, Germany). Prior to each testing session, all
of the mice were isolated in an air-conditioned room
(20 ± 3◦C) with relative humidity of 50%–60%.

Dermatitis Severity and Thickness of Dorsal Body Skin

Efficacy of HC–NPs was further assessed by deter-
mining the dermatitic severity and skin thickness of
all of the NC/Nga mouse groups. Dermatitic severity
was assessed by two persons blinded to the treatment
group according to the criteria described by Park et
al.24 The severity of AD was evaluated as dermatitis
index, established on the basis of the following crite-
ria: (1) erythema/hemorrhage, (2) dryness/scaling, (3)
edema/swelling, and (4) erosion/excoriation, each of
which was scored as 0 (none), 1 (mild), 2 (moderate),
or 3 (severe). The sum of the individual scores was
then taken as the dermatitis index.25 At the end of
the experiment, all of the mice were euthanized with
a lethal dose of inhalation anesthetics (isoflurane).
The severity of AD was further evaluated by deter-
mining the skin thickness of all of the mouse groups
by using a dial thickness gage.

Microscopic Analysis by Advanced Digital Light
Microscope (Dinolite R©)

Dinolite R© is an advance digital light microscope
(Courage and Khazaka, Germany) used to examine
the microscopic signs and symptoms of AD-like skin
lesions. To perform this analysis, NC/Nga mice were
anesthetized at the end of experimental period (sixth
week of treatment), and the Dinolite R© probe was
placed on the dorsal skin surface by adjusting fo-
cus and magnification (10–50×) using digital zoom-
ing capability. The Dinolite R© micrographs clearly
highlighted the microscopic signs and symptoms of
AD-like skin lesions.

Histopathological Examination

To examine the histopathological changes, NC/Nga
mice were euthanized at the end of the treatment pe-
riod (6 weeks), and the dorsal skin specimens (5 mm)
were punched by skin biopsy punch and fixed in 10%
buffered formalin to embed in paraffin wax. The em-
bedded skin specimens were then serially sectioned
(5:m) with microtome and stained with either hema-
toxylin–eosin to observe histopathological features
of skin or by Masson’s trichrome stain to examine

the variable deposition of collagen fibers (acquired
green color) and skin fibrosis at lesional skin under
light microscope using an image analysis software
(VideoTesT-Master Morphology: Video TesT; St Pe-
tersburg, Russia).

Statistical Analysis

All data are presented as mean ± standard deviation.
Data were analyzed with either paired t-tests or in-
dependent t-test and ANOVA, followed by a Tukey’s
post-hoc analysis. For the analysis of particle size,
zeta potential, EE, and LC of NPs, a p value of
less than 0.05 was considered to indicate a signifi-
cant difference. For the TEWL, erythema intensities,
and dermatitis index, a p value of less than 0.01∗∗

was considered to indicate a significant difference.
For the data obtained from ex vivo permeation, drug
skin retention, and skin thickness, a p value of less
than 0.001∗∗∗ was considered to indicate a significant
difference.

RESULTS AND DISCUSSION

Optimization of Unloaded CS NPs

Figures 1a and 1b indicate that the zeta potential
and particle size of unloaded NPs varied from +20 ±
3 to +53 ± 3 mV, and from 102 ± 17 to 676 ± 22 nm,
respectively, by increasing the CS/TPP mass ratios
from 1:2 to 1:8. The increasing trend in zeta potential
and particle size of NPs might be caused by variable
cross-linking extent between the individual opposite
charges donated by CS ( NH3

+) and TPP ( P3O10
−5)

at various CS/TPP mass ratios. Similarly, the num-
ber of individual charges ( NH3

+ and P3O10
−5) and

the corresponding charge density of both CS and TPP
ions also imparted a great impact on the ionic in-
teraction and thus on the zeta potential of NPs. For
example, at a lower CS/TPP mass ratio (1:2), the TPP
solution might donate a larger number of negative
ions ( P3O10

−5), which could sufficiently neutralize
the positive charges ( NH3

+) on the contour of CS,
and thus result in a lower zeta potential of NPs and
vice versa, as shown in Figure 1a. On the contrary,
the increment in the particle size of unloaded NPs
might be caused by the possible electrostatic inter-
action (promoting aggregate formation) between the
NPs because of a decrease in zeta potential of NPs
that occurred as the CS/TPP mass ratios increased
(Fig. 1b).

Despite that, Figures 1c and 1d show that the zeta
potential of NPs decreased from +55 ± 4 to +14
± 2 mV and particle size from 323 ± 22 to 124 ±
13 nm, respectively, as the TPP solution pH increased
from 2.0 to 8.0. The decrease in zeta potential and
particle size of NPs could be explained by the vari-
able extent of dissociation/ionization of TPP into the
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Figure 1. Effects of CS/TPP mass ratios on zeta potential
(a), particle size (b), and effect of TPP solution pH on zeta
potential (c), and particle size (d) of unloaded NPs (Mean ±
S.D, n = 3).

reaction mixture, and by different extents of deproto-
nation of NH3

+ groups on CS at various pH values
of the TPP solution. For example, at a high pH value
(8.0), a greater number of TPP ions ( P3O10

−5) were
produced in solution because of the higher ionization
extent of TPP, which might sufficiently be gelled with
the NH3

+ groups of CS (to form NPs), thus reducing
the surface charge of NPs and vice versa. Similarly,
the OH ions produced at a high pH value might
also cause the deprotonation of NH3

+ groups of CS
to the neutral amine ( NH2) group, further reducing
the zeta potential of NPs. On the contrary, in a TPP
solution with a low pH value (2.0), TPP ions were not
completely dissociated in the solution and may ex-
ist as P3O10

−, P3O10
−2, P3O10

−3, and P3O10
−4.

These incompletely dissociated TPP ions were unable
to completely neutralize the NH3

+ groups within CS
and thus resulted in a high positive charge (zeta po-
tential) on the surface of NPs (Fig. 1c). Similarly, the
incremental increase in the particle size of unloaded
NPs could be explained by formation of aggregates
of the suspended NPs when their surface charge de-
creased with the increase in the pH value of the TPP
solution (Fig. 1d).

Optimization of HC-Loaded NPs

The zeta potential of the HC-loaded NPs varied from
+14 ± 2 to +45 ± 4 mV, and the mean particle size
ranged from 382 ± 14 to 187 ± 12 nm, respectively,
as the drug-to-polymer mass ratios linearly increased
from 1:1 to 1:8, as shown in Figures 2a and 2b. The in-
cremental increase in the surface charge of HC-loaded
NPs (from 1:3 to 1:5) was predicted to result from the
increase in the number of free residual amine groups
( NH3

+) on the contour of CS (Fig. 2a). This could
be explained by the linear increase in the amount
of polymer (CS) when the drug-to-polymer mass ra-
tio increased from 1:1 to 1:8, which may have caused
a linear increase in residual NH3

+ groups on CS
while in solution. Alternatively, the trend toward a
decrease in the particle size of HC-loaded NPs could
be explained by a greater surface charge density of
HC-loaded NPs obtained at higher drug-to-polymer
mass ratios (1:8), preventing the particles from inter-
acting with each other to form aggregates,26 and thus
maintaining the size of NPs.

Further, the experimental data also suggested that
the EE of HC increased significantly (p < 0.05, paired
t-test) from 42% ± 4% to 86% ± 3% as the drug-to-
polymer mass ratio increased from 1:1 to 1:8 (Fig. 2c).
An increase in the EE of HC may indicate that the re-
action mixture becomes more viscous at higher drug
concentration (1:1 ratio), which would tend to in-
crease the forces opposing the extensive incorporation
of HC inside the polymer matrices and hence reduc-
ing the EE of HC.19 However, the viscosity of the reac-
tion medium decreased as the drug-to-polymer mass
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Figure 2. Effects of drugs-to-polymer mass ratios on zeta
potential (a), particle size (b), entrapment efficiency (c), and
loading capacity (d) of HC-loaded NPs (Mean ± S.D, n = 3).

ratio increased from 1:1 to 1:8, which resulted in an
increase in the tendency of HC molecules to be incor-
porated into polymer matrices. Moreover, the surface
charges of HC-loaded NPs, which play a very impor-

tant role in improving the EE and LC of the drug,
were also found to increase as the drug-to-polymer
mass ratio increased. In spite of this, the LC of HC
fluctuated and reached the highest percentage of 31
± 4 at a 1:5 drug-to-polymer mass ratio (Fig. 2d).

Ex Vivo Drug Permeation Studies

To assess the ability of HC–NPs to mitigate the
transcutaneous permeation of HC across the full-
thickness NC/Nga mouse skin, the permeation data
from positive controls (to which commercially avail-
able 0.5% and 1% HC creams were applied) were
also compared with that of the HC–NP group. Pre-
viously, we reported that QV cream was observed to
be superior in terms of release characteristics of HC
from the nanoparticulate system using an in vitro
model.27 Hence, in the current research, we had se-
lected QV cream-based nanoparticulate system to as-
sess its ability to mitigate bioavailability of HC and
its adverse effects. To maintain sink condition, it was
assessed that total initial concentration of HC in the
donor compartment was 4941 ± 37:g/1 g for POS-
CON-0.5 formulation; however, for POS-CON-1, the
total concentration of HC was 9880 ± 69 mg/1 g. On
the contrary, for the nanoparticulate formulation, to-
tal initial concentration of HC estimated in the donor
compartment was 4912 ± 51:g/1 g. At the end of
permeation experiment, it was revealed that 2179 ±
42:g and 6139 ± 38:g of HC were present in the
donor compartment for POS-CON-0.5 and POS-CON-
1 formulation, respectively. In contrast to that, the
nanoparticulate formulation, a concentration of 1806
± 27:g of HC/1 g of cream was determined in the
donor compartment at 24 h or ∼65% of HC had per-
meated out from the donor compartment, which is the
highest for HC permeation. Moreover, the permeation
coefficient (Kp; cm/h) for all of the formulations in the
donor compartment was 18.3 × 10−3, 25.8 × 10−3, and
15.3 × 10−3 cm/h for POS-CON-0.5, POS-CON-1, and
HC–NPs formulation, respectively, at 24 h.

The concentration, corresponding flux, and Kp of
HC were also investigated in the receiver compart-
ment. Data revealed that only ∼10% of the amount
of HC initially applied using the nanoparticulate sys-
tem was recovered in the receiver compartment at
the end of diffusional experiment (Fig. 3). In contrast,
greater percentages of HC (∼24% and ∼32%) had per-
meated across the full-thickness dermatomed mouse
skin from POS-CON-1 and POS-CON-0.5 groups, re-
spectively (∗∗∗p < 0.001). After 24 h, the total es-
timated amount of HC that had permeated across
the mouse skin on using HC–NPs was 581:g/cm2

(Fig. 3). The corresponding permeation flux (J/h) and
the Kp of HC were ∼24:g/(cm2 h) and 4.8 × 10−3 cm/
h, respectively, on using HC–NPs. However, the to-
tal amounts of HC transported across the mouse skin
in POS-CON-1 and POS-CON-0.5 groups were 2390
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Figure 3. Ex vivo Franz diffusional permeation of HC
across dermatomed NC/Nga mouse skin from HC–NPs in
comparison with POS-CON-0.5 and POS-CON-1 formula-
tions. Data were presented as mean ± S.D, n = 3; signif-
icance (∗∗∗p < 0.001) of HC–NPs against positive control
groups.

and 1579:g/cm2, respectively. The Kp of HC for the
POS-CON-1 and POS-CON-0.5 groups was 10 × 10−3

and 13 × 10−3 cm/h, respectively, which was ∼2.0 and
∼2.7 times higher than that of the HC–NP group,
respectively. Similarly, the corresponding flux of HC
in the POS-CON-1 and POS-CON-0.5 groups was 4.1
and 2.7 times higher than the corresponding flux in
the HC–NP group. Conclusively, the results indicate
that the HC–NPs may afford a well-controlled reduc-
tion in transcutaneous penetration of HC, which is
predicted to alleviate the systemic adverse effects.

Estimation of HC Retained in the Epidermis and Dermis

For successful management of topical/transdermal in-
flammatory diseases (such as AD), it is necessary to
retain significant GC contents in skin layers. In cur-
rent research, the amount of HC retained in the epi-
dermis and dermis was estimated using RP-HPLC
with results expressed as micrograms of HC retained
per gram of skin tissue. We found that the total
amount of HC retained in the epidermis (1610:g/
g of skin) with HC–NPs was significantly greater
(∗∗∗p < 0.001) than that retained in POS-CON-0.5
and POS-CON-1, which was 690 and 820:g/g of skin
tissue, respectively (Fig. 4). Data also revealed that
the total amount of HC retained in the dermis in the
HC–NP group was estimated to be ∼2 and ∼1.8 times
greater than that in the POS-CON-0.5 and POS-CON-
1 groups, respectively (Fig. 4). These results were
also in accordance with previously published data,
which explored whether HC–NPs exhibited greater
efficiency for topical/transdermal delivery of drug con-
tents with minimal systemic absorption.28

Figure 4. Amount of HC accumulated in the epidermis
(lighter bars) and dermis (darker bars) at the end of per-
meation experiment. Data were presented as mean ± S.D,
n = 3; significance (∗∗∗p < 0.001) of HC–NPs against positive
control groups.

In Vivo Clinical Efficacy

TEWL and Erythema Intensity

Interpretation of the results from the TEWL studies
indicated that, by the end of the sixth week of treat-
ment, both the NG-CON group and VGR had shown
a progressive increase in TEWL (Fig. 5a). Similarly,
mice in the positive control groups POS-CON-0.5 and
POS-CON-1 also showed an increase in TEWL during
the course of treatment but with less severity than
the NG-CON group and VGR. Interestingly, despite
having received a higher dose of HC, the POS-CON-1
group showed a greater degree of TEWL [41 g/(m2 h)]
after the fourth week of treatment than that shown by
the POS-CON-0.5 group [35 g/(m2 h)]. This may have
been a response due to predisposition to skin atrophy
or skin thinning in mice, reflecting a dose-dependent
adverse effect of GCs. In contrast, the HC–NP group
showed better control [15 g/(m2 h)] in maintaining
TEWL during the course of AD than the other tested
groups.

Further, all of the tested groups also experienced
a progressive increase in erythema intensity through
the end of the sixth week of treatment, except for the
HC–NP group (Fig. 5b). This group showed a slight
reduction in erythema intensity after the fourth week
of treatment. This might have been because of a syn-
ergistic or additive effect of HC and CS NPs, pro-
moting SC regeneration as well as diminishing the
underlying inflammatory cascades. This ultimately
resulted in reduced TEWL and erythema intensity.
To understand the mechanism underlying AD, it was
addressed that DNFB application would promote in-
voluntary scratching in mice, leading to a physi-
cal disruption of SC with exacerbation of TEWL29

and a reduction of the water binding efficiency of
SC.30 Interestingly, the findings of current research
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Figure 5. Clinical effectiveness of HC–NPs in comparison with all of the other tested groups
in terms of TEWL (a), and erythema intensity (b). Data were presented as mean ± S.D, n = 3;
significance (∗∗p < 0.01) of HC–NPs against NG-CON and VGR.

suggested that the HC–NP system held promise in
reducing TEWL and the erythema intensity (Figs. 5a
and 5b; ∗∗p < 0.01).

Dermatitis Severity and Dorsal Skin Thickness

The inhibitory efficacy of the nanoparticulate for-
mulation was further assessed by evaluating the
dermatitis index and dorsal skin thickness by us-
ing the NC/Nga mouse model. The NG-CON group
showed the highest grades with regard to patho-
logical features, including severe erythema, hemor-
rhage, edema, deep excoriation, and intense dryness
(Fig. 6). Nevertheless, the VGR also experienced clini-
cal symptoms similar to those shown by the NG-CON
group. However, the dermatitic index of this group
was lesser than that of the NG-CON group during

the course of treatment, which might have been be-
cause of the lower individual scores of dryness and
erythema than those of the NG-CON group. In spite
of this, the positive control groups, especially POS-
CON-1, showed suppressed AD symptoms than those
shown by the NG-CON group and VGR, particularly
at the fifth week of treatment. On the contrary, treat-
ment with HC–NPs maintained the skin integrity
more efficiently throughout the course of treatment
(∗∗p < 0.01) as compared with other tested groups,
with the milder symptoms of dryness and erythema.

Moreover, the obtained results further revealed
that the skin thickness of the NG-CON group follow-
ing euthanasia was the highest (Fig. 6b; ∗∗∗p < 0.001)
compared with all of the other tested groups. This
might have resulted from underlying inflammatory
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Figure 6. Clinical effectiveness of HC–NPs in comparison with all of the other NC/Nga mice
groups in terms of dermatitis index (A), and thickness of skin (B). Data were presented as mean
± S.D, n = 3; significance (∗∗p < 0.01) of HC–NPs against NG-CON and VGR for dermatitis
index and significance (∗∗∗p < 0.001) of HC–NPs against NC-CON and VGR for skin thickness.

cascades associated with AD pathogenesis that are in-
duced as inflammatory mediators accumulates, initi-
ating neo-vascularization, keratinization, and epithe-
lization, and resulting in increased skin thickness.
The signs and symptoms of increasing skin thickness
were observed to be decrease down from the NG-CON
group (910 ± 37:m) to the HC–NP group (456 ±
27:m) (Fig. 6b). Interestingly, despite low HC con-
centration (0.5% HC, w/w incorporated into NPs), the
HC–NP group showed a better control over skin thick-
ness than that shown by the POS-CON-1 group. This
may have resulted from an additive or synergistic ef-
fect of HC and CS NPs, inhibiting the inflammatory
cascades underlying AD pathogenesis.

Advanced Digital Light Microscopic Analysis
of Mouse Skin

Moreover, to harmonize our findings, the severity of
AD was further assessed using an advanced digi-
tal light microscope (Fig. 7). The obtained results

demonstrated that the nanoparticulate system effi-
ciently mitigated the progression of AD. The HC–NP
group showed only mild AD-like complications. In
contrast, the NG-CON group clearly had presented
with the highest degree of erythema/hemorrhage, dry-
ness/scaling, edema, and epidermal excoriation. The
severe AD-like skin symptoms in the NG-CON group
were probably caused by severe disruption of physical
barriers (SC) associated with severe itching, as well
as by the underlying inflammatory reactions initi-
ated in response to DNFB application. The Dinolite R©

micrograph of the VGR presented with less severe
symptoms of AD than those in NG-CON, includ-
ing exudates/transudates, hemorrhage, and erosion/
excoriation. In contrast, the Dinolite R© micrographs of
the positive control groups (POS-CON-0.5 and POS-
CON-1) showed some anti-AD effects that mitigated
the progression of dermatosis that might have been
caused by their inhibitory action against underlying
inflammatory cascades. The microscopic data shown
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Figure 7. Digital camera and Dinolite R© micrographs of various NC/Nga mice groups indicat-
ing severity of AD in terms of microscopic signs and symptoms of AD.

in Figure 7 lent further support to the idea that the
use of HC–NPs helped efficiently control the signs and
symptoms of AD.

Histopathological Examination

Figure 8a shows the histopathological features of
integumentary system of all of the NC/Nga mice
groups. Resulting monographs revealed that the nor-
mal mice group presents with normal anatomical
features of skin in terms of epidermal and dermal
thickness, keratinized stratified epithelium, and in-
tact hair follicles. Comparatively, the NG-CON group
indicated pronounced epidermal hyperplasia, parak-
eratosis, acanthosis, hyperkeratosis, and fragmented
stratified epithelium with large number of infiltrated
inflammatory cells. Together, the VGR shows almost
similar characteristic features as that of NG-CON
group but the hyperkeratosis and acanthosis were
observed to be slightly less severe than the NG-CON
group. Interestingly, POS-CON-1 mice group was pre-
sented with a significant control on the infiltration
of inflammatory cells with hardly visible hair folli-
cles; however, it showed marked epidermal hyperpla-
sia compared with POS-CON-0.5. Surprisingly, the
mice group treated with the HC-loaded nanopartic-
ulate formulation (HC–NPs) distinctly alleviates the
signs and symptoms associated with pathogenesis of
AD with mere developed hair follicles indicating the
restoration of skin integrity.

Taken together, Figure 8b identified an appropriate
NC/Nga mouse model of AD for an intensive deposi-
tion of collagen scaffolds, especially in the papillary
dermis via mason’s trichrome staining. The extent of
collagen deposition in various NC/Nga mice groups
was of paramount importance because this collagen
deposition directly reflects the severity of developing
skin fibrosis at the site of AD-like skin lesions. The
obtained results revealed that the repeated topical ap-
plications of DNFB in NG-CON group results in the
overexpression of fibrogenesis and deposition of colla-
gen fibers (acquired green color by Masson’s trichrome
stains) in the dermis, especially in papillary dermis
at original magnification ×50:m. However, in case
of positive control groups (POS-CON-0.5 and POS-
CON-1), comparatively a lower integer of collagen
fibers were deposited. In contrast, the topical applica-
tion of tested nanoparticulate (HC–NPs) formulation
remarkably diminished DNFB-induced fibrogenesis
and thus may rationalize to alleviate skin fibrotic re-
modeling. Moreover, the numbers of fibrocytes (play-
ing a key role in tissue remodeling and skin fibrosis)
migrated in the inflamed tissues were also observed
to be downregulated by the HC–NPs mice group, as
shown in Figure 8b.

CONCLUSIONS

In the current research, optimized NPs were suc-
cessfully formulated for percutaneous delivery of HC
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Figure 8. Histopathological features of AD-like skin lesions in all of the NC/Nga mice groups
by using hematoxylin–eosin staining (a) and Masson’s trichrome staining (b). White arrows in-
dicating the magnitude of collagen deposition (collagen fibers turn green by Masson’s trichrome
stains) to provoke skin fibrosis. All of the monographs were observed under original magnifica-
tion of ×50:m.
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Figure 9. Schematic illustration of research work.

with the aim to alleviate transcutaneous absorption
ofGCs. Ex vivo permeation study revealed that the
use of HC–NPs efficiently reduced the permeation of
HC across the full-thickness NC/Nga mouse skin. The
analysis of drug retention in the skin further showed
that HC–NPs significantly accumulated HC in the
epidermis and dermis and therefore could help to re-
duce the risk-benefit ratios of GCs. The in vivo clini-
cal studies suggested that the HC–NPs had the abil-
ity to efficiently alleviate the signs and symptoms
of dermatosis. Taken together, these findings were
further supported by histopathological assessment in
which HC–NPs could efficiently mitigate the patho-
logical changes in skin integrity and prohibit the col-
lagen deposition at the skin lesion. We propose that
HC–NPs have potential for percutaneous delivery of
anti-inflammatory drugs in the treatment of AD.
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