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ABSTRACT

A combination method using microneedle (MN) pretreatment and nanostructured lipid carriers (NLCs)
was developed to improve the transdermal delivery of therapeutics. The MN treatment of the skin and
co-administration of NLCs loaded with total alkaloids isolated from Aconitum sinomontanum (AAS-NLCs)
significantly increased the skin permeation of the drugs. Fluorescence imaging confirmed that MNs
could provide microchannels penetrating the stratum corneum, and delivery of NLCs through the chan-
nels led to their deeper permeation. In vivo studies showed that combination of AAS-NLCs with MNs
(AAS-NLCs-MN) in transdermal delivery could improve the bioavailability and maintain stable drug con-
centrations in the blood. Moreover, AAS-NLCs—MN showed benefits in eliminating paw swelling,
decreasing inflammation and pain, and regulating immune function in adjuvant arthritis rats. After
administration of AAS-NLCs-MN, no skin irritation was observed in rabbits, and electrocardiograms of
rats showed improved arrhythmia. These results indicated that the dual approach combining MN inser-
tion and NLCs has the potential to provide safe transdermal delivery and to improve the therapeutic
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efficacy through sustained release of AAS.

Introduction

As a non-invasive route, transdermal drug delivery is one of
the most important alternatives to parenteral administration.
However, the largest challenge in percutaneous administra-
tion is to penetrate the stratum corneum (SC) barrier and
maintain the skin integrity at the same time [1]. The use of a
microneedle (MN) array is an efficient physical penetration
enhancement technique, which disrupts the SC barrier by cre-
ating multiple microchannels without damaging the skin,
enhances drug transdermal transport [2,3]. Meanwhile, lipid-
based particulate carriers are another approach to enhancing
the skin permeation of drugs. As a second generation of lipid
nanoparticle-based drug vehicles, nanostructured lipid carriers
(NLCs) have attracted broad interest for transdermal drug
delivery because of their capability of film formation, skin
hydration, and controlled occlusion [4,5]. At room tempera-
ture, the structure of NLCs contains both solid and liquid lip-
ids, which provide better protection for loaded actives and
enhance the percutaneous permeation [6].

Aconitum sinomontanum Nakai contains several diterpen-
oid alkaloids, which show strong analgesic and anti-inflamma-
tory effects [7]. In a previous study, NLCs have been designed
and optimized for percutaneous administration of alkaloids
isolated from A. sinomontanum (AAS) [8]. However, the results
obtained indicated that nanoparticle integrity during trans-
dermal delivery was consistent with that of lipid nanopar-
ticles, which are not considered to penetrate SC [9]. Without
the use of physical methods enhancing skin permeation,

nanoparticles follow passive routes of permeation through
hair follicles, and the efficiency of drug penetration is greatly
restricted. To address this problem, MN-mediated delivery
was developed, and the technology has been used to
enhance the skin permeation of various nanocarriers [10].
Since they combine physical and chemical osmosis, MNs can
transiently break the barrier properties of the skin, while
NLCs offer a wide range of benefits, including enhanced
hydration and prolonged release into the skin, protection of
actives, and decreased skin irritation. To date, most studies of
MN-mediated delivery of nanocarriers have been aimed at
achieving transdermal delivery of vaccines, dyes, and com-
pounds [11-13].

In the present study, the in vitro/in vivo transdermal char-
acteristics of AAS-loaded NLCs, combined with MN treatment
(AAS-NLCs-MN), were investigated. To elucidate the transder-
mal delivery mechanism of AAS-NLCs-MN, the integrity of
the nanoparticles during MN-assisted transdermal delivery
was evaluated, and visualization of the transport of NLCs
using MNs was performed. Moreover, the pharmacodynamics,
skin irritation, and cardiac toxicity were also investigated after
percutaneous administration of AAS-NLCs—-MN.

Materials and methods
Materials

Microneedles with a 250-um height, 100-um width at
the base, 300-um interspacing, and 5x5mm area were
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Figure 1. SEM images of (A) microneedles and (B) skin from the control and MN-treated nude mice.

purchased from lJiangsu Natong Biological Co., Ltd. (Suzhou,
China). A scanning electron microphotograph of MNs is
shown in Figure 1(A). Lappaconitine (LA) and ranaconitine
(RAN) (purity >98% each) were purchased from Shaanxi
Chenguang Pharmaceutical Co., Ltd. (Xi'an, China). Enzyme-
linked immunosorbent assay (ELISA) kits for interleukin (IL)-
1B, IL-6, tumour necrosis factor alpha (TNFa), beta-endorphin
(B-EP), and Substance P (SP), as well as a colorimetric kit for
nitric oxide (NO), were purchased from Shanghai Xitang
Biological Co., Ltd. (Shanghai, China). All other chemicals
were of high-performance liquid chromatography (HPLC) or
analytical grade.

Animals

Male Sprague-Dawley rats, nude mice, and New Zealand
White rabbits, weighing 200+20g, 25+59g, and 2.0-2.5kg,
respectively, were used in this study. The animal experiments
were conducted with the approval of the Animal Ethical
Committee of Shanghai University of Traditional Chinese
Medicine (permit SYXK [Hu] 2009-0069).

Effect of microneedle treatment on SC structure

A nude mouse was anesthetized and immobilized with the
abdomen facing upward, and then the skin in the abdomen
region was divided into two areas. An MN array was fixed to
an applicator (Nantong Biological Co., Ltd., Nantong, China),
which provided an insertion force of approximately 5N. The
insertion of MNs into the skin lasted for 3min, and the

MN-untreated skin area was maintained as a control region.
The mouse was immediately euthanized, and the abdominal
skin was collected and washed with normal saline. The skin
samples were fixed in glutaraldehyde for 24h, rinsed with
phosphate-buffered saline (PBS, pH 7.4), fixed in 1% osmic
acid, dehydrated with ethanol, and then dried using CO, crit-
ical point drying. Finally, the skin was sputtered with plat-
inum and evaluated using a scanning electron microscope
(SEM; Quanta FEG250; FEl, Hillsboro, OR, USA).

In vitro permeation studies

Extraction of AAS and preparation of AAS-NLCs were con-
ducted according to previous methods [8]. The main compo-
nents of AAS, which have superior pharmacological effects,
were LA and RAN (yield: 69.47% and 9.16%, w/w, respect-
ively). AAS-NLCs were successfully prepared with the follow-
ing components in optimal proportions: Precirol ATOS5,
Labrasol®, Cremophor RH40, and AAS (6.7%, 2.3%, 5.5%, and
0.9%, w/v, respectively). Rats were anesthetized and euthan-
ized, their abdominal fur was removed with a razor, and then
the skin was carefully excised and washed with normal saline.
MN arrays were continuously applied in the centre of the skin
at a force of 5N for 3min, and MN-untreated skin samples
were prepared as control samples. In vitro permeation experi-
ments were conducted with the MN-treated and MN-
untreated skin samples fit into a Franz diffusion cell (Fulansi
Electronic Science and Trade Co, Ltd., Tianjin, China). Each
donor compartment had a diffusion area of 2.0cm? and 1ml
of test formulations was added to the compartment.



To provide sink conditions, each receptor compartment was
filled with 12.5ml of freshly prepared normal saline contain-
ing 20% polyethylene glycol 400 (v/v), which was magnetic-
ally stirred (500rpm) and maintained at 37+0.5°C [14]. At
predetermined time points, 1 ml of the sample was removed
from the receptor compartment and replaced with an equal
volume of the receptor fluid equilibrated to 37 +0.5°C. The
concentrations of LA and RAN in the collected samples were
analysed using HPLC under the following conditions: an
Agilent HPLC system (HP 1260; Agilent Technologies, Inc.,
Santa Clara, CA, USA) coupled with an Inspire™ C18 column
(250 mm x4.6 mm, 5 um; Dikma Technologies, Beijing, China),
with a mobile phase consisting of methanol and a 0.01 mol/Il
monosodium phosphate aqueous solution (80:20, v/v), and a
flow rate of 1.0ml/min. The column temperature was main-
tained at 30°C, and the detection wavelength was 252 nm.

Fluorescence detection-based nanopatrticle tracking
analysis (NTA) in receptor fluid

A Franz diffusion cell with the MN-treated rat skin fit was pre-
pared as described earlier. The donor compartment was filled
with 1.0 ml of NLC formulations containing 10 ug/mL couma-
rin-6 (C6), and the receptor compartment was filled with PBS
(pH 7.4) containing 0.02% sodium azide. After 12 h, the recep-
tor fluid was removed, and the fluorescence was measured
using a NanoSight NS300 system (Malvern Instruments,
Malvern, UK), a 405-nm laser with a temperature control, and
a 503-nm long-pass filter for fluorescent particle analysis. The
temperature was maintained at 25°C throughout the experi-
ment, and the NanoSight NS300 NTA 3.0 software was used
for data collection.

Visualization of NLC transport upon using MNs

Microneedle-untreated and MN-treated skin samples of nude
mice were acquired as described above and carefully sand-
wiched in a Franz diffusion cell. PBS (pH 7.4) containing
0.02% NaNs was used as the receptor fluid, and 1 ml of each
NLC formulation containing 10 ug/mL C6 was added to the
donor compartment of the MN-untreated and MN-treated
skin samples, while 1 ml of a physical mixture of C6 (10 ng/
mL) and blank NLCs was added to the donor compartment of
an MN-treated skin sample. The diffusion cell was stirred at
500rpm, and the temperature was maintained at 37+£0.5°C.
After 6 h, the skin was removed, and the excess preparations
were carefully wiped out from the surface of the skin. The
skin sample was cut into squares of 0.5 x 0.5cm, which were
put onto microscopic slides. The full skin thickness was optic-
ally scanned through the Z-axis of a Zeiss LSM 710 micro-
scope (Carl Zeiss, Thornwood, NY, USA).

In vivo bioavailability

Rats were anesthetized with an intraperitoneal injection of a
urethane aqueous solution (1.3 g/kg), and their abdominal fur
was removed with a razor. The experiments were conducted
with the following six groups of rats (n=5 each): (1) 0.3 or
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1ml of NLC formulations was subcutaneously injected into
the abdominal skin; (2) patches containing 0.3 or 1ml of
NLCs were applied to the abdominal skin and fixed with a
tape; (3) MNs were applied at a force of 5N for 3 min to the
abdominal skin, and patches containing 0.3 or 1 ml of NLCs
were applied to the same application sites.

In all the groups, blood samples were collected from the
ocular vein for 48h and then centrifuged at 5000 rpm for
10 min. A volume of 100 puL of plasma was withdrawn from
each supernatant, and 600 puL of acetonitrile was added to
each plasma sample. After mixing for 5min with a vortex
mixer and centrifugation at 12,000rpm for 10min, the
organic solvent layer was collected from each plasma sample,
dried under a gentle nitrogen gas stream, and dissolved in
methanol. Plasma drug concentrations were analysed using a
triple-quadrupole ultra-performance liquid chromatography-
tandem mass spectrometry system (Thermo Finnigan, San Jose,
CA, USA). The experiment was performed with a Hypersil
GOLD™ (18 column (100mm x 2.1mm, 5pm; Thermo
Finnigan, San Jose, CA, USA). The mobile phase consisted of
methanol:water:acetic acid (70:30:0.2, v/v/v), and a flow rate was
0.2 ml/min. The precursor-to-production transitions were moni-
tored at m/z 58 5 — 356 for LA and m/z6 0 1 — 422 for RAN
using a selected reaction monitoring mode.

Pharmacodynamic study

Adjuvant arthritis induction and treatment

To induce adjuvant arthritis (AA), rats were injected intrader-
mally with 0.2ml of Freund’s complete adjuvant (FCA; Sigma-
Aldrich, St. Louis, MO, USA) into the left hind metatarsal foot-
pad [15]. After seven days, all rats were divided into five
groups (n=8) as follows: a normal group, AA model group,
AAS-NLCs  (1.5ml/kg, daily) subcutaneous injection
group, AAS-NLCs (5ml/kg, daily) patch group, and MN-
treated/AAS-NLCs (5 ml/kg, daily) patch group. From day 1 to
day 14 after the adjuvant induction, the normal and AA model
rats were treated with the normal saline, and the remaining
three groups were treated using the different drug deliveries
of AAS-NLCs. The paw volume was measured using a plethys-
mometre (Yiyan Electronic Science Co., Ltd., Jinan, China).

Histological analysis

On day 14 after the adjuvant induction, the hind paws were
excised, fixed in 10% neutral buffered formalin for 72 h, and
decalcified with 10% ethylenediaminetetraacetic acid for
30days. Tissues were sectioned, embedded in paraffin, and
stained with haematoxylin and eosin (HE). Slides were viewed
under an optical microscope (BH-2; Olympus, Tokyo, Japan)
for histopathological changes.

Organ index assay

At the end of the arthritis observation period (14days), the
rats were euthanized. The heart, spleen, thymus, and kidneys
were promptly removed and weighed. The organ index was
calculated as the ratio of the organ wet weight to the body
weight (mg/g, respectively) [16].
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Figure 2. In vitro skin permeation profiles of LA and RAN from AAS-NLCs and a physical mixture of AAS and blank NLCs applied to the MN-treated skin and

AAS-NLCs applied to the untreated skin (n =3).

Anti-inflammatory and analgesic effects

Blood was collected and allowed to clot for 30 min, and the
serum was obtained by centrifugation at 3000 rpm for 10 min.
Concentrations of IL-1B, IL-6, TNFa, B-EP, and SP were quantified
in the serum by ELISA, and serum NO concentrations were deter-
mined by a colorimetric assay, according to the manufacturer’s
protocols. All assays were conducted in a blinded fashion.

Skin irritation

The hair on the back of rabbits was shaved, and the animals
were divided into three groups: in two groups, NLCs (1.0 ml),
with or without AAS, were applied to an area of 3 x3cm,
and in the third group, MNs were applied at a force of 5N
for 3min with 1.0ml of AAS-NLCs. After 4 h, the formulations
were removed by gentle washing, and then the skin was
inspected for an erythema and/or oedema. The experimental
formulations were tested once a day for three consecutive
days, and skin irritation was examined at 24, 48, and 72h
after the treatment. Finally, the rabbits were euthanized, and
the tested skin regions were removed, fixed in 10% neutral
buffered formalin for 72h, and embedded in paraffin. Serial
paraffin sections were stained with HE and viewed under an
optical microscope.

Cardiotoxicity

Rats were anesthetized and immobilized with the abdomen
facing upward. The abdominal fur was removed, and the rats
were divided into five groups: a blank group, AAS-NLCs
(1.5ml/kg) subcutaneous injection group, AAS-NLCs (5 ml/kg)
patch group, MN-treated/AAS-NLCs (5ml/kg) patch group,
and MN-treated/patch group treated with a mixture of AAS
and blank NLCs (5ml/kg). After 30 min, electrocardiograms
(ECGs) were recorded with a DASA 4600 multi-channel physi-
ology recorder (Gould Corp. NY, USA). ECG signals were
recorded from each rat for a total duration of 30 min.

Statistical analysis

Results are presented as the mean+standard deviation.
Differences were analysed using the Student’s t-test with

the Statistical Program for Social Sciences software version
19.0 (IBM Corp., Armonk, NY, USA). p <.05 were considered
statistically significant. The pharmacokinetic parameters
of LA and RAN were calculated using non-compartmental
analysis with the DAS 2.0 software (Mathematical
Pharmacology Professional Committee of China, Shanghai,
China).

Results and discussion
Effect of microneedle treatment on the SC structure

As shown in Figure 1(B), the surface of the control nude
mouse skin (without any treatment) was intact and smooth.
However, the image acquired after the insertion of MNs into
the nude mouse skin showed the evidence of penetration as
representative pores created by the MN array in the treated
area, which indicated that MNs were inserted into the skin to
create microchannels for transdermal transport.

In vitro permeation studies

The in vitro skin permeability for particles increases by orders
of magnitude upon using MNs [12]. In our study, MN treat-
ment effectively enhanced the transdermal penetration of LA
and RAN contained in an AAS-NLC preparation compared to
that observed in the MN-untreated group (Figure 2). The
enhancement of transdermal drug delivery may be attributed
to the ability of MNs to disrupt the barrier function of SC in a
minimally invasive fashion. Moreover, under the same MN
treatment conditions, the AAS-NLC formulations significantly
enhanced the in vitro AAS percutaneous permeation com-
pared to that shown by a physical mixture of AAS and NLCs.
The results showed that the cumulative amounts of NLC-asso-
ciated LA and RAN that penetrated the rat skin in vitro were
2,296.27 £33.98 and 347.79+31.64 ug/cmz, while those from
the  physical  mixture were  1,280.15+90.32 and
128.91 +7.50 pg/cm?, respectively. This disparity is most likely
due to higher solubility and better biocompatibility with
the skin of the drugs in the nanoparticle formulation [17].
The AAS-loaded NLCs combined with MNs achieved higher
in vitro percutaneous permeation than that observed with
the other drug delivery modes.
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Figure 3. Analysis of NLC transport upon using MNs. (A) NanoSight image of a skin sample treated with MNs and C6-NLCs, (B) laser scanning confocal microscopy
images of an untreated nude mouse skin after administration of C6-NLCs (NLCs), MN-treated skin after application of a mixture of C6 and blank NLCs (Mixture-MN),

and MN-treated skin after application of C6-NLCs (NLCs-MN).

NTA

A previous study has revealed that Cé6-labeled NLCs do not
penetrate SC in their intact form [8]. However, some C6-
labeled nanoparticles were detected by fluorescence detec-
tion-based NTA after NLCs were applied to the MN-treated
rat skin (Figure 3(A)), demonstrating that MNs could increase
the skin permeability for nanoparticles. This finding is consist-
ent with reports that detected nanoparticles crossing the
skin, which suggests the possibility of using MNs to deliver
controlled release particles [18].

Visualization of NLC transport upon using MNs

The differences in skin permeation of C6 were confirmed by
confocal microscopy images taken in the Z direction, which is
defined as perpendicular to the skin surface [19]. As shown in
Figure 3(B), visualization of the depth of penetration into
MN-treated skin samples incubated with NLCs demonstrated
relatively deep C6 permeation, with green fluorescence
detectable at a depth of 110 um. In comparison, the diffusion
depth for MN-untreated skin samples was approximately
45 um, suggesting that nanoparticles could not penetrate the
SC barrier without MN treatment but could passively perme-
ate into the skin via the follicular pathway [20]. Meanwhile,
MNs could create microchannels penetrating SC to deliver
the fluorescent dye through the channel to achieve deeper
C6 permeation. On the other hand, the fluorescence in the
MN-treated skin samples incubated with the physical mixture
of NLCs and C6 almost disappeared at a depth of 70pum,
which showed lower skin permeability of the mixture

compared with that of C6-NLCs. The deeper skin penetration
upon MN-NLC delivery may be attributed to the ability of C6
released from these NLCs to freely diffuse laterally, as indi-
cated by the fluorescence around microchannels and in
deeper skin layers, allowing the accelerated transdermal
delivery of the dye [2,21]. Furthermore, in agreement with
the results of the in vitro permeation experiments, the fluor-
escence intensity obviously increased for the perforated skin
samples treated with C6-NLCs. In accordance with the phys-
ical ability of MNs and chemical ability of NLCs to enhance
the skin penetration, the MN-mediated NLC delivery was able
to effectively deliver the fluorescent dye through SC, which is
beneficial for drug absorption into systemic circulation [10].

In vivo bioavailability

To assess the effect of drug delivery on the absorption rate
of AAS into systemic circulation, 0.3 or 1 ml of AAS-NLCs was
administered to rats by transdermal treatment with or with-
out MNs. As shown in Figure 4, based on a high mortality
rate of rats following hypodermic injection (i.h.) administra-
tion of 1 ml of AAS-NLCs (death rate was 100% after 1h), the
dose of subcutaneous injection was decreased accordingly.
The plasma concentration-time curves of LA and RAN are
depicted in Figure 4, and the results for some pharmacoki-
netic parameters are summarized in Tables 1 and 2. The peak
concentration (Cnax) for the AAS-NLC formulation was the
highest (LA and RAN, 97.26+29.18 and 18.91+2.70 ng/mL,
respectively) at approximately 0.5 h after subcutaneous injec-
tion, suggesting rapid absorption and elimination of the
drugs. This finding is consistent with that of a report showing
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Figure 4. Representative mean plasma concentration-time profiles of (A) LA and (B) RAN after percutaneous and hypodermic applications (n = 5).

that alkaloid extracts of A. sinomontanum have a relatively
short half-life [22]. The highest C., values of LA and RAN
could easily exceed the narrow therapeutic range and cause
high mortality upon subcutaneous injection. In comparison,

the Cpax Values of LA and RAN obtained after administering
1ml of transdermal preparations were clearly reduced (MN-
treated group: 47.00+16.84 and 8.45+4.86ng/mL, respect-
ively; MN-untreated group: 7.00+2.81 and 2.14+1.01 ng/mlL,
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Table 1. Pharmacokinetic parameters of LA released from AAS-NLCs in rats by transdermal treatment with or without microneedles and subcutaneous injection.

Parameter i.h. (0.3ml) NLCs (0.3 mL) NLCs (1 mL) NLCs-MN (0.3 mL) NLCs—-MN (1 mL)
Tmax (h) 0.50+0.00 6.40+0.89 6.00+2.00 6.00+2.00 6.00+2.00

Crmax (ng/mL) 97.26+29.18 4.13+1.18* 7.00£2.81* 20.55+9.22% # 47.00 £ 16.84* #
MRTo_, (h) 3.58+1.41 17.42 +£2.23% 18.22 £2.47* 13.05 + 1.83* 13.50 + 1.89*
AUCy_; (ng/mL x h) 139.62 +28.67 88.60+23.74 154.94 £ 63.73 215.45 +43.47# 599.37 +192.58* #

Mean+SD, n=5.
*p <05 vs. i.h.
#p < .05 NLCs-MN vs. NLGs.

Table 2. Pharmacokinetic parameters of RAN released from AAS-NLCs in rats by transdermal treatment with or without microneedles and subcutaneous

injection.

Parameter i.h. (0.3 mL) NLCs (0.3 mL) NLCs (1 mL) NLCs—MN (0.3 mL) NLCs—MN (1 mL)
Timax (h) 0.50+0.00 7.20+3.03 520+2.28 5.60+0.89 5.60+1.67
Cmax (ng/mL) 18.91+2.70 1.15+0.18* 2.14+1.01% 3.50+ 1.59% # 8.45+4.86% #
MRT,_ (h) 16.77 £0.63 2298 +041* 21.52+1.67* 18.99 +£2.46 15.52+2.46
AUCy_; (ng/mL x h) 55.92+£2.81 41.15£1.25 46.89+£8.50 63.99 +21.70# 115.94 +40.26* #

Mean +SD, n=5.
*p <.05 vs. i.h.
#p < .05 NLCs-MN vs. NLGs.

respectively) at approximately 6 h, indicating that transdermal
delivery could reduce the drug toxicity by maintaining stable
and lasting blood drug concentrations [23].

Moreover, the area under the concentration-time curve
(AUCqy_,) values and the C,.x values of LA and RAN were only
slightly higher upon transdermal treatment without MNs and
significantly increased with the increase in the nanocarrier
dose upon MN-mediated delivery. MNs offer a method of
increasing the transdermal drug absorption into systemic cir-
culation by transiently compromising the barrier properties of
SC [24]. The AUCy_; values of LA and RAN released from 1 ml
of AAS-NLCs after transdermal treatment with MNs were 3.9-
and 2.5-fold higher, respectively, than those obtained without
MNs (p <.05) and 4.3- and 2.1-fold higher, respectively, than
those obtained after subcutaneous injection (p <.05). NLCs
remained in the microchannels as drug reservoirs, which
thereby enabled a controlled drug release. This is beneficial
for the maintenance of short half-life drug concentrations in
the plasma to achieve slower clearance and a higher AUC.

Pharmacodynamic study

Effects on paw swelling

The FCA-injected rats exhibited a significant increase in the
volume of the injected paw compared with that in the nor-
mal control rats after the observation period. Administration
of AAS-NLCs delivered by different modes significantly
(p < .05) reduced the paw oedema compared with that in the
arthritic group (Figure 5(A)). After treatment, the MN-treated/
patch group showed the best inhibition of paw swelling, and
the reduction of the paw oedema was more obvious in the
patch group than that in the subcutaneous injection group.
These results may be due to the fact that AAS-NLCs transder-
mal administered with MNs had the highest AUC.
Transdermal delivery is superior to i.h. administration as a
route for AAS because it avoids quick clearance of alkaloids
and the effect sustains for longer periods. The MN-mediated
nanocarrier delivery resulted in superior inhibition of the

FCA-induced paw swelling compared to that observed with
the two other drug delivery methods.

Histological analysis

No histological changes and infiltration of inflammatory cells
were found by histological analysis in normal rats, and the
articular cartilage was intact with normal synovial tissue
(Figure 5(C)). Sections from the AA model animals displayed
notable synovial hyperplasia and massive mononuclear cell
infiltration into synovial tissue. The AA rats administered
AAS-NLCs by different modes of drug delivery showed a
remarkable reduction in the synovial inflammatory cell infil-
tration and synovial hyperplasia compared with those in the
AA rats. In particular, in the group treated with transdermal
administration of AAS-NLCs using MNs, there was only a mild
inflammatory reaction in the joints of the AA rats. These data
also showed that transdermal administration of AAS-NLCs
with the use of MNs resulted in a significant decrease of syn-
ovial inflammatory cell infiltration and synovial hyperplasia in
the AA rats.

Organ index assay

Relative weights of the thymus and spleen, the two major
organs of the immune system, are commonly used as prelim-
inary indicators of immunoregulatory activity of drugs [16]. As
shown in Figure 5(B), the indexes of the thymus and spleen
in the AA group were significantly higher than those in the
normal group, whereas no significant impact on the indexes
of the heart and kidney was observed in any group (p >.05).
The results indicated that FCA-induced AA is a systemic
inflammation that could induce abnormal swelling of the
immune organs. Compared with those in the AA group, both
thymus and spleen indexes were markedly (p <.05) lower in
the patch group, and there was a very significant (p <.01)
reduction of the indexes of the thymus and spleen in the
MN-treated/patch group. A marked reduction was only
observed in the index of the spleen when AAS-NLCs were
injected subcutaneously. The results suggest that AAS-NLCs
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Figure 5. Effects of different administration modes on (A) toe volumes, (B) organ indexes and (C) appearances and histopathological examinations of ankle joints in
rats. Inflammatory infiltration areas are marked, **p < .01, *p < .05 compared with the model group (n = 8).

might affect the immune function in the AA rats. Consistent
with the superior bioavailability data, the MN-mediated trans-
dermal delivery of nanocarriers for AAS provided the best
suppression effect on the abnormal enlargement of immune
organs.

Anti-inflammatory and analgesic effects

It has been reported that increased expression of IL-1p, IL-6,
and TNFa could increase the expression of other cytokines,
stimulate the synthesis of collagen by synovial cells, and lead
to cartilage and bone destruction [25,26]. As shown in Figure
6, there was a significant increase in the levels of IL-1B, IL-6,
and TNFa in the AA rats compared to those in the normal
rats. Both the MN-treated/patch group and patch group
showed prominent inhibitory effects on the production of IL-
1B, IL-6, and TNFa, while only the TNFa concentration was
significantly reduced in the subcutaneous injection group
compared to that in the model group. In addition, the reduc-
tion in the levels of the cytokines in the MN-treated/patch
group was highly significant (p <.01). These results show that
the MN-mediated transdermal delivery of AAS-NLCs provided
the most prominent inhibitory effect on inflammatory
cytokines.

The neurotransmitters B-EP, nitric oxide, and SP have been
shown to play an important role in the pathophysiology of
pain development in animal models and in humans [27-29].
As shown in Figure 6, the concentrations of B-EP and nitric
oxide in the serum of the treatment groups were significantly
lower, while the level of SP showed no significant difference,
compared to those in the model group. These results may be

due to the ability of the main components of AAS, including
LA, to block the intracellular calcium influx [30].

Skin irritation

As shown in Figure 7, no symptoms of dermal irritation,
including an erythema or oedema, were detected on the rab-
bit skin following the application of NLCs (with or without
AAS) and after the MN-mediated AAS-NLC delivery.
Moreover, no histopathological changes were identified in
the HE-stained paraffin skin sections. This indicated that both
AAS-NLCs and the use of MNs to mediate the AAS-NLC
delivery had a good biocompatibility with the skin.

Cardiotoxicity

The major analgesic mechanism of the main components of
AAS as a calcium channel blocker is blocking the influx of
extracellular calcium [29]. On the other hand, an imbalance in
intracellular calcium may cause cardiotoxicity such as arrhyth-
mia. Analysis of the rat ECG might provide valuable data
about cardiotoxicity, and the utility of rat ECG analysis in toxi-
cology has been claimed [31]. The cardiotoxicity of the drugs
delivered via different modes was visualized using ECG
(Figure 8). After subcutaneous injection of AAS-NLCs, the rats
developed ventricular tachycardia, atrioventricular block, and
other serious arrhythmias, as compared with the data
obtained for the blank group. These findings are consistent
with the results of in vivo bioavailability, suggesting that the
rapid absorption of alkaloids was the possible cause of the
toxicity of subcutaneous injection. The MN-treated/AAS
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Figure 6. Effects of different treatments on serum levels of inflammatory and pain factors in rats. **p < .01, *p < .05 compared with the model group (n = 8).
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Figure 7. Irritation responses on the surface and microstructure of the rabbit back skin. The skin was treated with (A) blank NLCs; (B) AAS-NLCs; (C) combination of
AAS-NLCs and MNs; (a) with drugs applied; (w) with drugs washed off. Magnification: 100x.
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Figure 8. Representative ECG results for rats after percutaneous and hypodermic applications.

mixture patch group revealed a prolonged PR interval and a
shortened PP interval, showing a possibility of an atrioven-
tricular block and a right bundle branch block. In comparison,
the AAS-NLC patch group and the MN-treated/AAS-NLC
patch group merely had a mild atrial block. The results most
likely indicate that transdermal delivery could reduce the car-
diotoxicity of AAS by maintaining stable blood drug concen-
trations. Compared with that observed for the MN-mixture
delivery, the lower cardiotoxicity of MN-NLC delivery may be
attributable to the NLC release through the drug release
process.

Conclusions

In this study, the potential of AAS-NLCs combined with MNs
for transdermal delivery was investigated. Delivery of
AAS-NLGs, driven by MN treatment, resulted in a synergistic
effect, which enhanced the penetration of AAS through the
skin by combined physical methods (MNs) and chemical
methods (NLCs). AAS-NLCs—-MN transdermal delivery was
used to increase the bioavailability of AAS and maintain the
stable drug concentrations in the blood, which could improve
the anti-inflammatory and analgesic effects and reduce the
cardiotoxicity of AAS. A dual approach involving MN insertion
and NLCs can be used to enhance the transdermal delivery
of AAS. This will allow optimization of a safe and effective

approach for possible transdermal applications of controlled
drug delivery systems.
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