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Background: Topical application of tacrolimus (FK506) was effective in the treatment of atopic
dermatitis (AD); however, adverse effects frequently occurred with the increase of FK506 dose
during long—term treatment.

Objective: The objective of this project was to develop a hybrid skin targeting system encap-
sulating FK506 based on nicotinamide (NIC) and chitosan nanoparticles (CS—NPs), ie, FK506—
NIC—CS—NPs, which took advantages of both of NIC and CS—NPs to obtain the synergetic effects
of percutaneous delivery and treatment efficacy enhancement along with dose reduction.
Methods: The formulation of FK506-NIC—CS—NPs was optimized and characterized. In vitro
and in vivo skin permeation studies were performed. AD-like skin lesions were constructed with
BALB/c mice by 1-chloro—2, 4—dinitrobenzene (DNCB)-induced, and FK506-NIC-CS-NPs
containing different dose of FK506 were topically administered to treat AD-like skin lesions
in comparison with Protopic.

Results: NIC was found to significantly increase the FK506 EE to 92.2% by CS—NPs. In
comparison with commercial FK506 ointment (Protopic), in vitro and in vivo skin permeation
studies demonstrated that NIC-CS—NPs system significantly enhanced FK506 permeation
through and into the skin, and deposited more FK506 into the skin. The treatment efficacy on
clinical symptoms, histological analysis, and molecular biology of the AD—mice demonstrated
that NIC-CS—NPs with ~1/3 dose of FK506 of Protopic was superior to that of Protopic, and
NIC—CS-NPs vehicle exhibited the adjuvant therapy and moderate anti—-AD effects.
Conclusion: The system of NIC-CS—NPs enhances the permeability of FK506, plays an adju-
vant role in anti-AD, reduces the dose of FK506 in treating AD, and is therefore a promising
nanoscale system of FK506 for the effective treatment of AD.

Keywords: tacrolimus, chitosan, nanoparticles, nicotinamide, atopic dermatitis, percutaneous
delivery, reducing dose

Introduction

Atopic dermatitis (AD) is a chronically relapsing inflammatory skin disease with severe
pruritus and eczema that occurs in adults but is encountered most frequently in children,
with an increasing prevalence in infants and children worldwide.' The clinical presenta-
tion of AD is characterized by pruritic, crusted, and erythematous skin lesions; these
symptoms impair the quality of life of patients and affect their social lives.>* Mechanisms
of AD are complex, by which elevated levels of immunoglobulin E (IgE), T helper 2
(Th2) cell recruitment, and production of cytokines such as interleukin (IL)-4, IL-5, and
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IL-13 occur, but generally start with dysfunction of the skin
barrier.* Topical application of corticosteroids is the first-line
therapeutic option for the treatment of AD. However, AD,
a chronic skin disease, often requires long-term and routine
administration of corticosteroids that frequently leads to sig-
nificant adverse effects such as skin atrophy, telangiectasia,
striae, hyper- and hypopigmentation, and tachyphylaxis.>
Tacrolimus (FK506), a potent macrolide immunosup-
pressive agent, has been proved to be notably effective in the
treatment of immune-mediated cutaneous disorders including
AD.™ Protopic (Astellas Toyama Co., Ltd, Toyama, Japan),
the commercially available topical ointment formulation of
FK506, has been approved by the FDA for the treatment of
AD with two concentrations: 0.1% (w/w) for adults over age
16 and 0.03% (w/w) for children over age 2. It has become
an alternative treatment of AD and is indicated for use on the
face and neck;'° the efficacy of the 0.1% (w/w) FK506 oint-
ment for AD is almost equivalent to that of a strong-class cor-
ticosteroid based on randomized controlled clinical trials,!'-!?
and it was the preferred long-term treatment of AD to prevent
disruption of the skin barrier.'* FK506 immunomodulates
various skin disorders through entering T cells and blocking
calmodulin, thus resulting in inhibition of T-cell expression,'
whereas T-cell activation is important for the development
and persistence of AD. Moreover, FK506 can bind to steroid
receptors on the cell surface, inhibit the release of histamine
and serotonin from mast cells, and inactivate Langerhans
cells.'®!7 Although topical application of FK506 has not pro-
duced significant adverse effects as with corticosteroids, the
transient burning sensation and hot flashes at the application
site often lead to withdrawal from therapy with FK506 oint-
ment; moreover, it has been reported that when patients are
treated with the FK506 ointment with AD for 3 weeks, the
burning sensation became more frequent with the increase
in the FK506 dose from 0.03% to 0.3% (w/w).'® Moreover,
when applied for 12 weeks in the treatment of AD, systemic
adverse effects including flu-like symptoms, erythema, and
headaches occurred.! It is clinically worthwhile to formulate
a drug-delivery system to enhance FK506 permeation into the
skin and thus reduce its topically applied dose to minimize
the occurrence of adverse effects and to maintain efficacy at
the same time. The drug-delivery system with the capacity of
depositing more drug and persisting in the skin is expected
to exhibit skin-targeting effects. The high molecular weight
(MW 822.05 Da), high hydrophobicity (log P 6.09), and poor
water solubility (4-12 pug/mL) of FK506 can limit its ability
to effectively permeate into the skin.?’ In previous studies,
small amounts of FK506 from Protopic was deposited in the

skin.?'"2 With the aim to ensure that sufficient drug permeated
into the skin from ointment to reach the therapeutic window
of FK506, Protopic is required to be administered in higher
quantities, with consequences such as increasing side effects
and premature discontinuation. Thus, it is probably feasible to
formulate a percutaneous drug-delivery system that enhances
more FK506 permeation into the skin than Protopic, and
consequently reduces FK506 dose for treating AD.

Various formulations based on nano-sized carriers
included microemulsion, ethosomes, lipid nanoparticles,
modified nanolipid carrier, and polymer micelle nanocarriers
have been proven to be efficient approaches to improve percu-
taneous delivery of FK506.72?43° These nanocarriers facilitate
drug delivery to structural features of the skin, such as hair
follicles, or interact with skin lipids to mediate transportation
and create a drug depot in the skin for sustained release.*'*?
Moreover, cationic nanoparticles have shown advantages of
enhancing drug permeation over neutral or negatively charged
nanoparticles as drug nanocarriers; significant progress has
been made in cationic nanoparticles for drug delivery.?*3
In the present study, chitosan nanoparticles (CS-NPs) were
used as the carrier of FK506 for percutaneous delivery. CS
is a cationic polysaccharide with favorable biological charac-
teristics such as biodegradability, biocompatibility, and non-
toxicity.* It has been widely applied to construct NPs and
applied for topical skin delivery.** Compared to the neutral
or negatively charged NPs, CS-NPs with positive charges
from amino groups (NH**) of CS can bind to the epithelial
cell membrane, depolymerize F-actin, and disband the tight-
junction protein ZO-1, resulting in opening of tight junctions
in the skin and enhancing the percutaneous permeation
of the drug.’” Furthermore, CS works as an antibacterial
agent through interaction with negatively charged surface
components of numerous bacteria, and derives additional
wound-healing benefits when it is used as a vehicle of skin
pharmaceuticals.’®** With these attributes, CS is a desirable
polymer for constructing NPs for delivering therapeutics to
treat skin diseases. However, the hydrophilic nature of CS has
limited its use to encapsulating highly hydrophobic drugs.*
Therefore, with the aim to increase the loading capacity of
CS-NPs for highly hydrophobic FK506, the hydrotropic agent
nicotinamide (NIC) was introduced.

NIC, a water-soluble derivative of vitamin B, is a
hydrotropic agent and has shown the ability to enhance the
solubility of some poorly water-soluble molecules.** Our
previous study has demonstrated that NIC solubilizes FK506
through forming an FK506-NIC complex and enhances
FK506 permeation into the skin.?! NIC has been used as a
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cosmetic active ingredient for its moisturizing and depig-
menting properties, and is a cheap generic drug with a well-
established safety profile in humans. It has been reported to be
an inhibitor of PARP-1 that controls NF-kB-mediated tran-
scription and, therefore, regulates the expression of adhesion
molecules, pro-inflammatory mediators, and inflammatory
cytokines, including IL-1, IL-13, and TNF-o, that play key
roles in the pathogenesis of AD.*%¢ In this study, FK506—
NIC-CS-NPs were prepared for the first time by using NIC
to overcome the high hydrophobic property of FK506 and
increase its loading into CS-NPs, and we hypothesize that
FK506-NIC-CS-NPs can take advantage of both CS-NPs and
NIC, including solubilizing FK506, enhancing percutaneous
penetration of FK506, and synergizing FK506 for treating
AD, thus finally reducing the FK506 dose to minimize
adverse effects while maintaining its efficacy.

Based on the abovementioned considerations, FK506—
NIC-CS-NPs were developed and characterized. In vitro
skin permeation was undertaken to investigate the enhanc-
ing effect of NIC-CS-NPs on FK506 penetration into and
through rat skin, and in vivo skin permeation was undertaken
to further understand the distribution of FK506 in different
skin layers. AD-like skin lesions in BALB/c mice were
induced by 1-chloro-2,4-dinitrobenzene (DNCB), and treat-
ment effects on clinical symptoms, histological analysis,
and molecular biology of AD mice were comparatively
studied between FK506—NIC-CS-NPs, containing different
FK506 doses, and Protopic, with 0.1% (w/w) FK506.

Materials and methods

Materials

Chitosan with a deacetylation degree of 75.0%—-85.0%
(5-20 mPa-s, 0.5% in 0.5% acetic acid at 20°C) was
obtained from Tokyo Chemical Industry (Tokyo, Japan).
Sodium tripolyphosphate (TPP) was purchased from Aladdin
(Shanghai, People’s Republic of China). NIC was a gift of
Guangzhou Changlong (Guangzhou, People’s Republic of
China). FK506 was purchased from Teva Czech Industries
(S.R.O Ostravska 29305, 74770 Opava—Komarov). The
FK506 ointment (Protopic®) was obtained from Astellas
Toyama Co., Ltd. (Toyama, Japan). DNCB was purchased
from Sigma-Aldrich (St Louis, MO, USA). Other reagents
were of analytical grade.

Sprague Dawley rats (male, 180-220 g) and BALB/c mice
(male, 4 weeks) were obtained from the Experimental Ani-
mal Center of Sun Yat-sen University (Guangzhou, People’s
Republic of China). Animals were housed under specific
pathogen-free conditions at constant levels of humidity and

temperature on 12-h light/dark cycles, and provided with food
and water ad libitum. All work undertaken with animals were
in accordance with the Principles of Laboratory Animal Care
and Use in Research published by the Chinese Ministry of
Health, and the protocols [SCXK (YUE) 2016-0029] were
approved by the Institutional Animal Care and Use Commit-
tee of Sun Yat-sen University.

Formulation of NPs

Preparation of blank CS-NPs

The CS-NPs were prepared via the ionic gelation method
with TPP as a crosslinker.*’*¢ Briefly, CS was dissolved in
1% (v/v) acetic acid solution under continuous stirring for
4 h to obtain a CS solution of 2.0 mg/mL with a pH value
of 5.0 adjusted by 2M sodium hydroxide solution. The TPP
solution was prepared at a concentration of 8.0 mg/mL.
CS-NPs were obtained upon the addition of 100 uL. TPP
solution to 2 mL CS solution with a weight ratio of CS/TPP
at 5/1 under magnetic stirring at 500 rpm for 30 min.

Preparation of FK506—NIC complex

solution

Excess FK506 was dispersed in 10%, 20%, and 40% (w/v)
NIC aqueous solutions, respectively, and vibrated for 24 h.
The supernatant was filtered through a membrane filter
(0.22 um) to obtain the FK506-NIC complex solution,
and the FK506 concentration in the complex solution was
determined with high-performance liquid chromatography
(HPLC).

Preparation of FK506—NIC-CS-NPs
Chitosan solutions were prepared as in the section “Prepara-
tion of blank CS-NPs”, with different pHs of 4.5, 5.0, and
5.5, respectively. Two milliliters of FK506-NIC complex
solution containing 40% (w/v) NIC and 0.2% (w/v) FK506
was added into 2 mL CS solution with different pHs,
respectively; then, 100 uL. TPP solution was added into the
mixture for ion gelation under magnetic stirring at 500 rpm
for 30 min to obtain FK506-NIC-CS-NPs containing 20%
(w/v) NIC and 0.1% (w/v) FK506. The resultant pH value of
the FK506—NIC-CS-NPs suspension was 5.0, 5.4, and 5.9,
respectively. The NIC-CS-NPs suspension was prepared
according to the same process, but without FK506. Moreover,
2 mL FK506-NIC complex solution containing 40% (w/v)
NIC and 0.02%, 0.06%, and 0.1% (w/v) FK506 was added
into 2 mL CS solution at pH 5.0 to obtain FK506-NIC-CS-
NPs with different FK506 loading concentrations of 0.01%,
0.03%, and 0.05% (W/v).
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Characterization of NPs

Size distribution and zeta potential (ZP) of NPs were charac-
terized by dynamic light scattering (DLS; Mavlvern Zetasizer
Nano—ZS90, Worcestershire, UK). Aqueous suspension of
NPs diluted 10-fold by deionized water were placed into
DTS0012 and DTS1070 cuvettes, respectively, to measure
the size, polydispersity index (PDI), and ZP at 25°C.

The FK506 encapsulation efficiency (EE, %) of NPs
was evaluated with gel column chromatography. NPs and
unloaded FK506 were separated through the Sephadex LH-20
column, FK506 was determined with HPLC, and the EE was
calculated as follows:

Total amount of FK506
— Amount of unloaded FK506

EE (%) =
) Total amount of FK506

x100%

Skin permeation of FK506—NIC-CS-NPs
in vitro

The Sprague Dawley rats were anesthetized and sacrificed
by cervical dislocation, and the hair on the abdomen was
carefully shaved off with a razor. The abdominal skin was
excised, the subcutaneous tissues were removed surgically
and rinsed with normal saline (NS), and, then, the skin
samples were stored at —20°C until use. In vitro permeation
was undertaken with a Franz diffusion cell under occlusive
conditions, with an effective diffusion area of 3.14 cm? and
receptor volume of 7.5 mL (TK-12A, Kaikai Technology.,
Ltd, Shanghai, People’s Republic of China). The skin was
mounted between the donor and receiver compartments
with the stratum corneum (SC) facing the donor compart-
ment. Each receiver compartment was filled with 7.5 mL NS
containing 25% (v/v) ethanol as the receiving medium with
respect to the sink conditions ascertained per our previous
study,?! stirred at 300 rpm, and maintained at 37°C+0.5°C in
a circulating water bath. Then, 0.5 g FK506-NIC complex
solution, FK506—-NIC-CS-NPs [containing an equal amount
of NIC 0of 20% (w/v) with the FKS06-NIC complex solution],
FK506 suspension, and commercial preparation of FK506
(Protopic) containing the same content of FK506 (0.1%,
w/v) were placed into the donor compartment, respectively
(n=6 for each group). At predetermined time intervals (12,
14, 16, 20, and 24 h), 1 mL sample was collected from the
receiver compartment and equal amounts of fresh receiving
medium was supplemented immediately. At the end of the
in vitro permeation study, the skin demounted from the
Franz cell was cleaned, cut into small pieces, and placed in
a centrifuge tube. One milliliter methanol was used to extract

FK506 retained in the skin slices by sonicating for 30 min
and then centrifuged at 5,000 rpm for 5 min. The superna-
tant was collected and filtered with a 0.22-um microporous
nylon membrane. FK506 concentration in each sample was
determined with HPLC.

Skin permeation of FK506—NIC-CS-NPs

in vivo

For in vivo permeation, 24 Sprague Dawley rats were
anesthetized with urethane (20%, w/v) and the abdominal
hair was removed using a depilatory cream (Veet, London,
UK); the animals were divided into four groups with six
animals in each group. After allowing 24 h for SC recov-
ery, a container was fixed onto the abdominal area with
superglue to administer liquid sample without leakage, and
0.5 g FK506—-NIC complex solution, FK506—NIC-CS-NPs,
FK506 suspension, and commercial preparation of FK506
(Protopic) were added into the container, respectively. After
24 h of in vivo permeation, the permeated skin was carefully
cleaned and tape stripping was done twice with an adhesive
tape (Scotch® Transparent Tape, 3M Corporate, St Paul, MN,
USA) to remove any residual formulations from the skin.
Subsequently, tape stripping was continuously carried out
20 times to strip the SC, with each tape stripping at a pres-
sure of 200 g and the tape sticking to the skin for 10 s. The
stripped SC was collected in a centrifuge tube. Afterward,
the viable epidermis and dermis were isolated from Sprague
Dawley rats, cut into small pieces, and transferred into
another centrifuge tube. The FK506 in the SC and viable
epidermis and dermis was extracted, treated, and analyzed
as described in in vitro permeation.

The FK506 content of all the samples in this study was
determined with a validated HPLC method. The HPLC
system (Agilent 1260 series, USA) composed of a quaternary
pump (G1310A), degasser (G1322A), auto-sampler (G1329),
column thermostat (CO—1000), UV detector (G1314A),
and data-processing software (Agilent Chem Station for
LC systems). FK506 was separated through a C8 column
(Grace®, 250x4.6 mm, 5 um) with water/isopropyl alcohol/
tetrahydrofuran (5/2/2, v/v/v) as the mobile phase at a flow
rate of 0.8 mL/min at 55°C, and the detection wavelength
was set at 220 nm.

Animal studies

AD model establishment and treatment

To induce AD-like skin lesions, DNCB was topically
applied to BABL/c mice.* Briefly, hair on the dorsal skin
of the mice was removed by shaving and recovered for 24 h.
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DNCB was solubilized in acetone/olive oil/alcohol (2/1/1,
v/v/v) to prepare 0.5% and 1.0% (w/v) DNCB solution, and
0.5% (w/v) DNCB solution was used to sensitize the mice
through once-daily application of 200 puL onto the shaved
area and 20 UL onto the right ear for three consecutive days.
Thereafter, the sensitized skin was challenged with 100 uL
of 1.0% (w/v) DNCB solution on the back and 10 uL on
the right ear on days 4, 7, 11, 14, 17, 20, 23, 26, and 28,
respectively.

Mice were randomly divided into eight groups (n=6 per
group) as follows: 1) control: healthy mice with shaved
dorsal region; 2) DNCB: AD-induced mice without treat-
ment; 3) DNCB+Protopic: AD-induced mice treated with
Protopic; 4) DNCB+Vehicle: AD-induced mice treated
with NIC-CS-NPs vehicle containing 20% (w/v) NIC;
5) DNCB+C—-0.01: AD-induced mice treated with FK506—
NIC-CS-NPs containing 20% (w/v) NIC and 0.01% (w/v)
FK506; 6) DNCB+C-0.03: AD-induced mice treated with
FK506-NIC-CS-NPs containing 20% (w/v) NIC and 0.03%
(w/v) FK506; 7) DNCB+C—0.05: AD-induced mice treated
with FK506-NIC-CS-NPs containing 20% (w/v) NIC and
0.05% (w/v) FK506; and 8) DNCB+C—0.1: AD-induced mice
treated with FK506-NIC-CS-NPs containing 20% (w/v) NIC
and 0.1% (w/v) FK506. Except for the control group, each
mouse of the other seven groups was sensitized and chal-
lenged with DNCB as mentioned earlier. The DNCB group,
the disease model group, was only sensitized and challenged
with DNCB without any treatment with other formulations.
For the treated groups 3-8, the sensitized mouse was topi-
cally treated with different formulations of 200 puL (ug) on
the shaved area and 20 UL (lLg) on the right ear, respectively,
following each challenge since Day 4. The DNCB+Vehicle
group was treated with NIC-CS-NPs vehicle without FK506,
which was to confirm whether the vehicle containing NIC
ameliorated AD. Different formulations containing FK506,
including Protopic, C-0.01, C-0.03, C-0.05, or C-0.1, were
topically administered, respectively, onto the shaved area
and right ear for comparing their therapeutic effects.

Evaluation of dermatitis severity

Throughout the AD model construction and treatment, clini-
cal dermatitis severity was visualized and scored on days 4,
7, 14, and 28. Clinical symptoms of AD including erythema/
hemorrhage, scarring/dryness, edema, and excoriation/
erosion were scored as follows: 0) (none), 1) (mild, <20%),
2) (moderate, 20%—60%), and 3) (severe, >60%).>5! The
sum of the four individual scores was defined as the derma-
titis severity score.

On the day after the last model construction and treat-
ment (Day 29), the thickness of the treated ear of each
mouse was measured with a digimatic micrometer (CD-6
CSX, Mitutoyo Corporation, Japan), the body weight was
measured, and blood samples were collected. After blood
collection, the mice were sacrificed to obtain the dorsal skin
and spleen. The spleen was weighed and the spleen index was
calculated with spleen weight to the body weight. The dorsal
skin was subjected to histopathological analysis.

Histopathological studies

The dorsal skin was fixed in 10% (w/v) paraformaldehyde in
0.1 M phosphate-buffered solution (PBS; pH 7.4), embed-
ded in paraffin, sliced into 3—-5 wm sections, and stained
with hematoxylin and eosin (HE) and toluidine blue (TB) in
accordance with standard procedures to monitor histological
changes in the skin and recruitment of mast cells, respec-
tively. To assess inflammatory cells and mast cells, slides
were observed with light microscopy at 100X magnification,
and cells were counted in a high-power field (HPF) at 200x
magnification.

Serum total IgE measurement

Serum samples were obtained from the collected blood
through centrifugation at 2,000 rpm for 30 min, and were
stored at —80°C until use. Levels of total IgE in the serum
were measured using a mouse enzyme-linked immunosorbent
assay (ELISA) kit (Abcam, UK) according to the instructions
of the manufacturer.

Statistical analysis

All experimental data are expressed as mean + standard
deviation and were analyzed using one-way ANOVA,
followed by the least significant difference test (LSD) as
post hoc analysis (SPSS version 19.0; SPSS Inc., Chicago,
IL, USA); P<<0.05 was set as indicative of statistically sig-
nificant difference.

Results and discussion

Preparation and characterization of

FK506—-NIC-CS-NPs

FK506, a poorly aqueous soluble and high-molecular-weight
drug, permeates into the skin with difficulty and can be
loaded into CS-NPs. Our previous report demonstrated that
the hydrophilic NIC increased FK506 solubility, enhanced
FK506 percutaneous permeability, and improved EE by
hyaluronic acid—cholesterol (HA—Chol) NPs through FK506—
NIC complex formation; 20% (w/v) NIC was chosen as the
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Table | Characterization of CS-NPs and FK506—NIC-CS-NPs with 0.1% (w/v) FK506

Sample NIC (%, wiv) Size (nm) PDI ZP (mV) EE (%)
CS-NPs - 187.8%1.9 0.13+0.02 25.310.1 -
FK506—NIC-CS-NPs 5 109.1+6.7 0.21+0.04 21.8+0.3 73.8%1.3
FK506—NIC-CS-NPs 10 108.0+7.3 0.20+0.01 20.3+0.5 86.3+1.1
FK506-NIC-CS-NPs 20 110.2+7.9 0.204+0.02 19.7+0.8 92.2+2.2

Notes: Data represents mean * SD, n=3/group.

Abbreviations: CS-NPs, chitosan nanoparticles; FK506, tacrolimus; NIC, nicotinamide; FK506—NIC-CS-NPs, tacrolimus-loaded chitosan nanoparticles containing

nicotinamide; PDI, polydispersity index; ZP, zeta potential; EE, encapsulation efficiency.

optimal hydrotrope in the system of HA—Chol-NPs.?! In this
study, the FK506—-NIC complex was prepared and loaded
into CS—NPs with 20% (w/v) NIC.

The CS-NPs were obtained by ionotropic gelation upon
the addition of TPP to the CS solution. In our preliminary
experiments, molecular weight of CS, concentration of CS,
TPP concentration, and the ratio of CS/TPP were screened on
the basis of the formation of CS-NPs. CS with a viscosity of
5-20 mPa-s measured in 0.5% acetic acid at 20°C (CS 0.5%,
w/v) was chosen, and CS solution was prepared to a concen-
tration of 2.0 mg/mL, with a pH value of 5.0 adjusted by 2M
sodium hydroxide solution. The TPP solution was prepared
at a concentration of 8.0 mg/mL. As shown in Table 1, at
the ratio of CS/TPP of 5/1, the particle size, PDI, and ZP of
CS-NPs were 187.8+1.9 nm, 0.13+£0.02, and 25.3+0.1 mV,
respectively. After being loaded with the FK506-NIC com-
plex with different NIC concentrations of 5%, 10%, and
20% (w/v), the particle size decreased to ~110 nm, which
was a suitable size for treatment of inflamed skin.*> The ZP
slightly decreased to ~20 mV. For FK506 encapsulation, free
FK506 was hardly encapsulated in CS-NPs due to its high

A 200

150 -
£
£

o 100
N
n

50 -

O_

0 1 3 5 10
Days

hydrophobicity based on our preliminary experiment. How-
ever, the EE increased from 73.8%%1.3% to 92.2%+2.2%
with increase in the NIC concentration of 5%—-20% (w/v).
These results indicate that NIC can significantly decrease
the particle size of NPs and facilitate the encapsulation of
FK506 by CS-NPs, and 20% (w/v) NIC in the FK506-NIC-
CS-NPs suspension was superior to the other concentration
levels. The increased solubility and decreased lipophilicity
of FK506 by the FK506-NIC complex are ascribed to the
increased EE.

The pH value influences the formation and stability of
CS-NPs. Therefore, FK506—-NIC-CS-NPs were prepared by
CS solution with pH values 0of 4.5, 5.0, and 5.5, respectively.
Upon addition of NIC, the eventual pH of CS-NPs was 5.0,
5.4, and 5.9, respectively. To investigate the stability of
CS-NPs at different pH values, FK506—NIC-CS-NPs were
maintained at 4°C for 10 days. Ondays 0, 1, 3, 5, and 10, the
size and PDI of these NPs were measured by DLS. Figure 1A
and B present the variation of size and PDI with the time
at different pH values. The size of FK506-NIC-CS-NPs
was stable throughout 10 days at pH 5.0 and 5.4, whereas it

B 051
0.4 -

0.3 1

PDI

0.2 1

0.1 1

0.0 -
10

Days

Bl pH=50 @B pH=54 [ pH=59

Figure | Stability of FK506—NIC-CS-NPs with 0.1% (w/v) FK506 at different pH values in size (A) and PDI (B).

Note: Each symbol and bar represented the mean + SD of three determinations.

Abbreviations: FK506, tacrolimus; FK506—NIC-CS-NPs, tacrolimus-loaded chitosan nanoparticles containing nicotinamide; PDI, polydispersity index; SD, standard

deviation.
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Figure 2 Permeation profiles of FK506 through rat skin from different formulations in vitro (A) and FK506 skin retention after 24-h permeation of different formulations

in vitro (B).

Notes: Each symbol and bar represented the mean + SD of six determinations. Significant differences were calculated using ANOVA test (*P<<0.05). The concentration of

FK506 in each formulation was | mg/mL (g).

Abbreviations: FK506, tacrolimus; FK506—-NIC, FK506 dissolved in 20% nicotinamide aqueous solution; FK506—NIC-CS-NPs, tacrolimus-loaded chitosan nanoparticles

containing nicotinamide; h, hours; SD, standard deviation.

significantly increased at pH 5.9. The increase of NPs size
might be due to the solubility of CS decreasing at pH >5.5
and to the tendency of CS to aggregate. The PDI of NPs at the
resultant pH 5.0 after 10 days was 0.40+0.07, indicating that
the distribution of particle size became scattered, whereas the
PDI of NPs at pH 5.4 was still stable and remained ~0.20.
Taken together, FK506—NIC-CS-NPs were prepared with
CS solution with pH value of 5.0, and the resultant pH value
turned to 5.4 after loading of the FK506-NIC complex.

Skin permeation of FK506—NIC-CS-NPs
in vitro

Figure 2A and B present the profile of the FK506 cumula-
tive permeated amount to time and the retention of FK506
in the skin after 24-h permeation, respectively. The slope of
the profile of FK506 cumulative permeated amount to time
is taken as the flux of FK506 from different formulations
(Table 2). The commercial preparation of Protopic (0.1%,
w/v) as a reference group and 0.1% (w/v) FK506 aqueous
suspension as an aqueous control group presented similar

behaviors of permeation and retention. However, the FK506
permeation from the FK506—-NIC complex or FK506-NIC-
CS-NPs was significantly higher than that from the Protopic
or FK506 suspension throughout 24-h permeation (P<<0.05);
the cumulative permeated amount from the FK506-NIC
complex and FK506-NIC-CS-NPs after 24-h permeation
was 14.1242.02 and 14.10+2.86 ng cm2, respectively; this
was ~2-fold that of the Protopic or FK506 suspension, and
there was no significant difference between the FK506-NIC
complex and FK506-NIC-CS-NPs (P>0.05). The flux of
FK506 from different formulations was FK506-NIC >
FK506-NIC-CS-NPs > Protopic = suspension. After 24-h
permeation, the skin retention of FK506 from the FK506—
NIC complex or FK506—-NIC-CS-NPs was significantly
higher than that of Protopic or FK506 suspension (P<<0.05).
Interestingly, FK506-NIC-CS-NPs presented the highest
FK506 retention in the skin, significantly higher than that
of FK506-NIC (P<0.05, 3.92+0.36 pug cm™ vs 2.66+0.76
g cm™), although there was no significant difference of
cumulative permeated amount between the FK506-NIC

Table 2 Cumulative permeated amount, retention, and flux of FK506 from different formulations after 24-h permeation in vitro

Permeated amount Retention Flux

(pg cm?) (ug cm?) (ugem?h™)
Protopic 7.28+0.58 1.81£0.37 0.23
Suspension 6.81£1.05 1.85+0.55 0.21
FK506-NIC 14.1242.02%%* 2.6610.76*** 0.79
FK506—NIC-CS-NPs 14.10+2.86%+* 3.92+0.36Hwkwkk 0.69

Notes: *P<<0.05 in comparison with Protopic, **P<0.05 in comparison with FK506 aqueous suspension, and ***P<0.05 in comparison with FK506—NIC. Data represents

mean + SD, n=6/group.

Abbreviations: FK506, tacrolimus; FK506—-NIC, FK506 dissolved in 20% nicotinamide aqueous solution; FK506—NIC-CS-NPs, tacrolimus-loaded chitosan nanoparticles

containing nicotinamide.
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complex and FK506—-NIC-CS-NPs. It can be concluded from
the in vitro permeation that NIC hydrotropy can enhance
the permeation of FK506 through and into the skin, and
combination with CS-NPs can synergistically enhance the
retention of FK506 in the skin without affecting the penetra-
tion of FK506.

Skin permeation of FK506—NIC-CS-NPs
in vivo

In vivo skin permeation studies were conducted to under-
stand the drug distribution in different skin layers and further
confirm the enhancing effects on drug retention in the skin.
As shown in Figure 3, after 24-h vivo permeation, FK506
permeated into the skin and was mainly retained in the
SC. The FK506 retention in the SC of NIC-CS—NPs with
5.7240.92 ug cm™ was significantly higher than that of the
NIC complex with 4.90£1.20 g cm= (P<<0.05), and either
of them was further significantly higher than that of Protopic
with 2.81+0.32 g cm™ or suspension with 3.37+0.57 ug cm=
(P<<0.05). In deeper layers of epidermis and dermis (E+D),
FK506 retention of NIC-CS-NPs with 1.03+0.13 pug cm™
or of the NIC complex with 0.96+0.20 ug cm= was signifi-
cantly higher than that of Protopic or 0.1% FK506 suspen-
sion (P<<0.05); however, there was no statistical difference
between NIC-CS-NPs and the NIC complex (P>0.05). It can
be concluded that NIC-CS-NPs exert enhancing effects on
FK506 skin permeability in vivo and deposit the drug in both

Skin retention of
FK506 in vivo (ug/cm?)

SC E+D

Total

8 Protopic I Suspension
I FK506-NIC [ FK506-NIC-CS-NPs

Figure 3 In vivo skin retention of FK506 from different formulations in different
skin layers of SC, E+D, and total amount in skin (Total).

Notes: Each symbol and bar represented the mean £ SD of six determinations.
Significant differences were calculated using ANOVA test (*P<<0.05). The concen-
tration of FK506 in each formulation was | mg/mL (g).

Abbreviations: E+D, epidermis and dermis; FK506, tacrolimus; FK506—NIC, FK506
dissolved in 20% nicotinamide aqueous solution; FK506—NIC-CS-NPs, tacrolimus-
loaded chitosan nanoparticles containing nicotinamide; h, hours; SC, stratum
corneum; SD, standard deviation.

the upper and deeper layers of the skin. Based on the total
FK506 retention from the SC, epidermis, and dermis, FK506
retention in the skin from different formulations after 24-h
permeation was consistent with the results from in vitro per-
meation, which was FK506-NIC-CS-NPs > FK506-NIC >
suspension = Protopic. An in vivo permeation study confirms
that NIC hydrotropy can enhance FK506 skin permeability,
and combination with CS-NPs can synergistically enhance
the retention of FK506 in the skin. Furthermore, the results
further demonstrate that the enhancing effect of CS-NPs on
FK506 skin permeability was predominantly with regard to
retention in the SC. The enhancing amount of FK506 in the
SC and the deeper layers of epidermis and dermis by NIC—
CS-NPs will lead to enhanced efficacy for treating AD.

Taken together, the in vitro and in vivo permeation,
enhanced skin permeability, and retention of FK506 by
NIC—-CS-NPs ascribed to the effects of NIC and NPs as fol-
lows: 1) As reported in our previous study,?! the increased
solubility of FK506 by NIC hydrotropy increased the
FK506 concentration gradient and partition in skin/vehicle.
Further, the FK506-NIC complex formed or self-aggregated
NIC segregated FK506 from water in the NIC hydrotropic
system, causing more skin permeation of FK506 under the
driving force from NIC permeation. Therefore, NIC exerts
enhancing FK506 skin permeability in both systems of the
FK506-NIC complex and FK506-NIC-CS-NPs. 2) NPs with
diameter more than 10 nm are unlikely to penetrate through
the SC into viable human skin but tend to accumulate in hair
follicle openings and furrows, resulting in the formation of
a drug depot on the skin surface for sustained release and
permeation in the skin without damaging the natural barrier of
the skin.353-5¢ Moreover, CS works as a permeation enhancer
due to its positive charges and mucoadhesive properties.
Consequently, the FK506-NIC-CS-NPs system exploited
both virtues of NIC and NPs to obtain synergetic effects
on FK506 percutaneous delivery. Inflammatory cutaneous
disorders such as AD might be treated more effectively with
the enhanced percutaneous FK506 delivery to the specific
site of the skin by NIC-CS-NPs, which also provides the
possibility of reducing the dose of FK506. However, that
would be the subject of subsequent research.

Effects of FK506—NIC-CS-NPs on

ameliorating AD-like clinical symptoms

The in vitro or in vivo skin-permeation studies mentioned
earlier have shown that greater amounts of FK506 could be
obtained in the skin through enhanced percutaneous FK506
delivery by NIC-CS-NPs, and the dose of FK506 may be
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reduced owing to its enhanced delivery. In addition, NIC-
containing moisturizers are known to be effective in alleviat-
ing dry skin conditions, reducing transepidermal water loss
(TEWL), enhancing biosynthesis of ceramide, and strength-
ening the skin barrier for treatment of acne, rosacea, AD, and
even skin cancer.” % NIC is a promising topical formulation
adjuvant with unique SC barrier-augmentation properties.®'
Therefore, NIC may play dual roles in the FK506-NIC-CS-
NPs system of enhancing FK506 percutaneous delivery and
alleviating skin disorders of AD.

In the present study, we compared the effects of
FK506-NIC-CS-NPs containing different doses of FK506
on ameliorating DNCB-induced AD-like clinical symptoms.
Figure 4A describes the schematic diagram of the experi-
mental protocol in the AD model mouse. Figure 4B presents
the dermatitis severity scores of AD model mice treated with
different formulations along the time graph, and Figure 4C
showed the clinical features of mice after 28-day treatment
with different formulations. After three consecutive days
of sensitization with 0.5% DNCB, the severity of dryness
in the skin increased in comparison with the control group.
After challenge, mouse skin displayed typical characteristics
of AD clinical symptoms including erythema/hemorrhage,

A

Hair shaving on
the dorsal region

scarring/dryness, edema, and excoriation/erosion, and the
symptoms progressively intensified for the DNCB group.
After treatment with different formulations, these four
symptoms were alleviated at different levels in comparison
with the DNCB group. As shown in Figure 4B, the sum score
of the four symptoms of each group decreased throughout
28 days of treatment with different formulations. How-
ever, the dermatitis score of the DNCB+Protopic group
significantly decreased until Day 28 (P<<0.05); there was
no significant difference between the DNCB+Protopic and
DNCB groups prior to Day 21 (P>0.05). It has been reported
that the ointment vehicle of Protopic induced skin irritation
because of its undesirable stickiness, greasiness, and not
water washability, resulting in an uneasy feeling in patients,
and had a limitation in releasing drug into the skin.?’” These
issues related to Protopic might ascribe to the higher der-
matitis scores in the first 3 weeks. Moreover, the significant
decrease of dermatitis scores occurring after 28-day treatment
with Protopic demonstrated that long-term treatment with
Protopic is necessary for alleviating AD-like symptoms.
Interestingly, as we expected, NIC-CS-NPs vehicle without
FK506 loading presented similar ameliorating effects on the
four symptoms of AD as with Protopic after 28-day treatment,
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Figure 4 Schematic diagram of the experimental protocol in a mouse model (A).

Dermatitis scores of AD-model mice treated with different formulations (B) and

representative clinical features of AD-like skin lesions at the end of the experiment (C).
Notes: Each bar represented the mean + SD of six determinations. Significant differences were calculated using ANOVA test. *P<<0.05 in comparison with the DNCB group;

#P<<0.05 in comparison with the DNCB-+Protopic group.

Abbreviations: AD, atopic dermatitis; C-0.01, FK506—NIC-CS-NPs containing 20% (w/v) NIC and 0.01% (w/v) FK506; C-0.03, FK506—NIC-CS-NPs containing 20% (w/v) NIC
and 0.03% (w/v) FK506; C-0.05, FK506—NIC-CS-NPs containing 20% (w/v) NIC and 0.05% (w/v) FK506; C-0.1, FK506—NIC-CS-NPs containing 20% (w/v) NIC and 0.1% (w/v)
FK506; DNCB, |-chloro-2,4-dinitrobenzene; FK506, tacrolimus; FK506—NIC-CS-NPs, tacrolimus-loaded chitosan nanoparticles containing nicotinamide; NIC, nicotinamide.
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which were ascribed to the positive effects of NIC on AD
skin. NIC was shown to have beneficial effects on various
cutaneous inflammatory disorders including AD; it induces
antipruritic effects through recovering the skin barrier, and
anti-inflammation by inhibiting PARP-1 and the associated
expression of inflammatory cytokines, chemokines, adhe-
sion molecules, and inflammatory mediators.**% NIC might
be worthwhile in basic therapy of AD. Based on literature
reports and our study, NIC was expected to play an adjuvant
role in the FK506-NIC-CS-NPs system for AD treatment,
and consequently reduce the dose of FK506. Therefore, the
effects of FK506-NIC-CS-NPs containing different doses
of FK506 (0.01%, 0.03%, 0.05%, and 0.1%, w/v) on ame-
liorating DNCB-induced AD-like skin lesions were further
compared with Protopic (0.1%, w/w). As shown in Figure 4B,
the dermatitis score of FK506—-NIC-CS-NPs with FK506 of
0.03%, 0.05%, or 0.1% (w/v) was significantly lower than
that of the DNCB group since Day 7 (P<<0.05), and the score
of FK506-NIC-CS-NPs with FK506 0f 0.05% or 0.1% (w/v)
was further significantly lower than that of the Protopic group
since Day 7 (P<<0.05). After day 14, the score of NPs with
FK506 of 0.03%, 0.05%, or 0.1% (w/v) was significantly
lower than that of Protopic throughout the treatment period
(P<0.05). However, the score of NPs with FK506 concentra-
tion of 0.01% (w/v) presented a similar trend to that of the
Protopic group (P>0.05). Figure 4C shows the treatment of
NIC—CS-NPs containing 0.1% (w/v) FK506 or lower doses
0f 0.05% and 0.03% (w/v) that almost completely inhibited
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DNCB-induced external changes of the skin. These results
indicated that, with the help of NIC-CS-NPs, 0.1% (w/v)
FK506 or lower doses of 0.05% and 0.03% (w/v) had higher
efficacy in ameliorating the development of AD-like skin
symptoms than 0.1% (w/w) FK506 ointment, and even
NIC-CS-NPs with 0.01% FK506 (w/v) or without FK506
presented comparable efficacy in ameliorating the develop-
ment of AD-like skin symptoms to Protopic. In conclusion,
compared to Protopic, the NIC-CS-NPs drug-delivery system
can decrease the dose of FK506 in ameliorating the develop-
ment of AD-like skin symptoms.

The ear swelling and splenic weight increase revealed
the inflammation mediated by DNCB. The ear thickness
was measured to evaluate ear swelling, and the weight of the
spleen was measured to calculate the spleen index (spleen
index, % = weight of spleen/weight of body x100%). As
shown in Figure 5A, ear thickness significantly increased in
the DNCB group; however, treatment with different formula-
tions significantly inhibited ear thickening, and NIC-CS-NPs
with FK506 of 0.1%, 0.05%, or 0.03% (w/v) further signifi-
cantly reduced the ear thickness in comparison with Protopic.
Figure 5B shows that the spleen index of the DNCB group
was significantly elevated after AD-induction as compared
to the control group, indicating the immune activation in
the AD mouse model. However, treatment with different
formulations significantly suppressed activated immunity
and decreased the elevated spleen index, and NIC-CS-NPs
with FK506 0f 0.1%, 0.05%, or 0.03% (w/v) further reduced
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Figure 5 The ear thickness (A) and spleen index (B) on day 29 of mice treated with different formulations.
Notes: Each bar represented the mean * SD of six determinations. Significant differences were calculated using ANOVA test. *P<<0.05 in comparison with DNCB group;

#P<0.05 in comparison with the DNCB+Protopic group.

Abbreviations: C-0.01, FK506—NIC-CS-NPs containing 20% (w/v) NIC and 0.01% (w/v) FK506; C-0.03, FK506—NIC-CS-NPs containing 20% (w/v) NIC and 0.03% (w/v)
FK506; C-0.05, FK506—NIC-CS-NPs containing 20% (w/v) NIC and 0.05% (w/v) FK506; C-0.1, FK506—NIC-CS-NPs containing 20% (w/v) NIC and 0.1% (w/v) FK506; DNCB,
|-chloro-2,4-dinitrobenzene; FK506, tacrolimus; FK506—NIC-CS-NPs, tacrolimus-loaded chitosan nanoparticles containing nicotinamide; NIC, nicotinamide.
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the spleen index in comparison with Protopic. Therefore,
the anti-inflammatory and immunosuppressive effects of
NIC-CS-NPs with 0.1%, 0.05%, or 0.03% (w/v) FK506
were significantly stronger than that of 0.1% (w/w) FK506
Protopic ointment.

Histopathological analysis

To further understand the effects of FK506-loaded formula-
tions on DNCB-induced AD-like symptoms in mice, the skin
tissues were subjected to histological analysis to observe
histological changes and infiltration of inflammatory cells
such as lymphocytes and mast cells. Figure 6A presents HE
stains of skin tissues. In DNCB-induced AD skin, the epi-
dermis was thickened due to hypertrophy and hyperkeratosis
of epidermal keratinocytes, and the dermal cell population
was increased in the skin lesion; cells, particularly with

A Control

round-shaped nucleus (stained in purple), were greatly accu-
mulated. After being treated with Protopic or NIC-CS-NPs
vehicle, epidermal thickness was moderately diminished,
whereas epidermal thickness was significantly diminished
when treated with NIC-CS-NPs containing FK506 of 0.03%,
0.05%, or 0.1% (w/v), respectively. Figure 6B presents the
TB stain of inflammatory cells. In the DNCB-induced AD
skin lesion, the number of mast cells increased and infiltrated
into the epidermis and dermis. After treatment with Protopic
or an NIC-CS-NPs vehicle, the number of infiltrated mast
cells was partially decreased, whereas DNCB-mediated mast
cell accumulation was significantly decreased when treated
with NIC-CS-NPs containing FK506 of 0.03%, 0.05%, or
0.1% (w/v), respectively. The results of histological analy-
sis provided further evidence that NIC-CS-NPs with low-
dose FK506, compared to Protopic, ameliorated AD-like

DNCB+Protop|c

DNCB+Vehicle

Figure 6 Histological features of skin after treatment with different formulations in the AD mouse model. The sliced sections were stained with hematoxylin and eosin (A)

and toluidine blue (B) (magnification 100x). Scale bar: 200 pum.

Abbreviations: AD, atopic dermatitis; C-0.01, FK506—NIC-CS-NPs containing 20% (w/v) NIC and 0.01% (w/v) FK506; C-0.03, FK506—NIC-CS-NPs containing 20% (w/v) NIC
and 0.03% (w/v) FK506; C-0.05, FK506—NIC-CS-NPs containing 20% (w/v) NIC and 0.05% (w/v) FK506; C-0.1, FK506—NIC-CS-NPs containing 20% (w/v) NIC and 0.1% (w/v)
FK506; DNCB, |-chloro-2,4-dinitrobenzene; FK506, tacrolimus; FK506—NIC-CS-NPs, tacrolimus-loaded chitosan nanoparticles containing nicotinamide; NIC, nicotinamide.
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skin lesions remarkably after FK506 incorporation into
NIC-CS-NPs.

Effects of FK506—NIC-CS-NPs on

downregulating serum total IgE levels
AD is an IgE-mediated hypersensitive skin disease; the
increase of serum total IgE levels is a typical characteristic in
DNCB-induced BALB/c mice with AD-like skin lesions.*%3
As shown in Figure 7, the serum total IgE levels of DNCB
group in the present study almost increased 5-fold of that
in the control group. After treatment with Protopic or an
NIC-CS-NPs vehicle, the serum total IgE levels was signifi-
cantly downregulated to 3.5- or 2.8-fold that of the control
group. Interestingly, the serum total IgE level was further
significantly decreased in comparison with the Protopic
group when treated with NIC-CS-NPs containing FK506 of
0.03%, 0.05%, or 0.1% (w/v), respectively; it was 2-, 1.6-,
or 1.8-fold of the control group, respectively. Therefore,
the results confirm that NIC-CS-NPs with low-dose FK506
compared to Protopic can remarkably decrease the pathologi-
cal marker protein IgE of AD after FK506 incorporation into
NIC-CS-NPs.

The improved effects of NIC-CS-NPs with low-dose
FK506 in comparison with Protopic in the treatment of AD-like
lesions have been proved on the basis of clinical symptoms,
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Figure 7 Effects of NPs with low-dose FK506 on serum total IgE levels.

Notes: Each bar represented the mean + SD of six determinations. Significant
differences were calculated using ANOVA test. ¥P<<0.05 in comparison with the
DNCB group; *P<<0.05 in comparison with the DNCB-+Protopic group.
Abbreviations: C-0.01, FK506-NIC-CS-NPs containing 20% (w/v) NIC and
0.01% (w/v) FK506; C-0.03, FK506-NIC-CS-NPs containing 20% (w/v) NIC
and 0.03% (w/v) FK506; C-0.05, FK506—NIC-CS-NPs containing 20% (w/v) NIC and
0.05% (w/v) FK506; C-0.1, FK506—NIC-CS-NPs containing 20% (w/v) NIC and 0.1%
(w/v) FK506; DNCB, |-chloro-2,4-dinitrobenzene; FK506, tacrolimus; FK506—NIC-
CS-NPs, tacrolimus-loaded chitosan nanoparticles containing nicotinamide; IgE,
immunoglobulin E; NIC, nicotinamide.

histological analysis, and molecular biology in our present
study. The benefits of NIC-CS-NPs for FK506 on anti-AD
are ascribed to the following items. First, through the
synergistic enhancement of NIC and CS-NPs on FK506
percutaneous delivery, NIC—CS-NPs significantly delivered
more quantities of FK506 into deeper layers of the skin
under the same dose of FK506 administered. This point
was proved in the in vitro and in vivo permeation studies.
Consequently, NIC-CS-NPs encapsulating low-dose FK506
could reach the therapeutic dose. Second, NIC played the
role of a therapeutic adjuvant in AD. Many reports have
suggested that topical application of NIC had several ben-
eficial effects, especially anti-inflammatory, antipruritic,
and antimicrobial effects.**%% In the present study, the
vehicle group containing NIC presented comparable effi-
cacy in ameliorating AD-like clinical symptoms, decreasing
epidermis thickening and inflammatory cell infiltration, and
downregulating the serum total IgE. In comparison with
Protopic (containing 0.1% FKS506), the dose of FK506
through the NIC-CS-NPs system could be decreased to at
least 0.03% — approximately one-third the dose of Protopic.
Third, CS exhibited its antibacterial and wound-healing
effects in FK506-NIC-CS-NPs for anti-AD.% Therefore,
NIC—-CS-NPs as a percutaneous delivery system for FK506
could reduce FK506 dose and maintain good therapeutic
efficacy simultaneously.

Conclusion

Topical application of FK506 was effective in the treatment
of immune-mediated cutaneous disorders; however, adverse
effects frequently occurred with the increase of FK506
dose for the long-term treatment of AD. In this study, we
developed an NIC-CS-NPs system containing FK506 for
topical anti-AD treatment. FK506 was effectively loaded
into CS-NPs with high EE and stability with the help of
NIC as a hydrotropic agent. CS-NPs in combination with
NIC exhibited a synergistic enhancement on FK506 per-
meation and retention in the skin, both in vitro and in vivo.
The treatment of DNCB-induced AD-like skin lesions with
FK506-NIC-CS-NPs demonstrated that NIC-CS-NPs with
approximately one-third the dose of FK506 in Protopic
obtained anti-AD efficacy superior to that of Protopic, and
the NIC—CS-NPs vehicle exhibited moderate anti-AD effects.
Overall, the results support that NIC—CS-NPs enhance the
permeability of FK506, play an adjuvant role in anti-AD,
and reduce the dose of FK506 in treating AD and, therefore,
constitute a promising nanoscale system of FK506 for the
effective treatment of AD.
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