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Cutaneous melanoma is the deadliest form of skin cancer, and gambogic acid (GA) exhibits potent anti-
melanoma activity. However, clinical application of GA via intravenous injection and oral administration
is limited by systemic toxicity and rapid metabolism in the blood. Here, we developed a new, topical
route of GA delivery for anti-melanoma activity and reduction of systemic toxicity. The results indicated
that the barrier of the stratum corneum (SC) and low diffusion of GA in the hydrophilic viable skin
(epidermis and dermis) limited the GA penetration through intact skin. The combination of azone (AZ)
and propylene glycol (PG) showed obvious synergistic effects on skin penetration by GA via improving
the permeability of the SC and greatly increasing the skin accumulation of GA, thereby forming a high
drug concentration in the skin and achieving a topical targeted treatment of melanoma. In addition, GA
(AZ—PG) achieved the same anti-melanoma effect via topical delivery as via intravenous injection.
Intravenous injection and oral administration of GA induced remarkable pathological changes in various
organs in mice, whereas GA was not toxic to various organs or to the skin via topical delivery. These
findings indicated that topical administration of GA is an alternative route for melanoma treatment.

© 2021 Published by Elsevier Inc. on behalf of the American Pharmacists Association.

Introduction

Malignant melanoma is a highly malignant tumor arising from
melanocytes, and it occurs in the skin, eyeballs, digestive tract,
reproductive system and other parts.! Cutaneous melanoma,
located in the basal lamina of epidermis, is the most deadly form
among skin cancers due to its high malignancy and early meta-
stasis.>* The morbidity and mortality of melanoma are the highest
among people aged from 25 to 29, with an average survival time of
only 6—9 months after metastasis.” In recent years, melanoma has
become one of the fastest growing tumors, and the annual growth
rate of the disease is 3—5%, approximately 132,000 newly diag-
nosed cases and 48,000 deaths worldwide every year.%’ In partic-
ular, the incidence and mortality of melanoma in China are

* Corresponding author.
E-mail address: qwang@dlut.edu.cn (Q. Wang).
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significantly higher than the global average.® At present, surgical
resection, chemotherapy, radiotherapy, targeted therapy and
immunotherapy are applied in the clinical treatment of mel-
anoma.”~!" Despite recent advances in the targeted therapy and
immunotherapy, chemotherapy is still one commonly used thera-
peutic method as most anti-tumor drugs directly aim at and kill
tumor cells with a significant and lasting effect on tumor.!*!3

Gambogic acid (GA) is a major effective ingredient derived from
gamboge resin and has been confirmed to be effective against a
wide range of cancers, such as gastric cancer, breast cancer, liver
cancer, lung cancer, colon cancer, skin cancer, etc.'*"'9 Multiple
anticancer mechanisms are involved, including cell cycle arrest,
induction of apoptosis, telomerase inhibition, anti-angiogenesis
and anti-metastasis.'” 2> Being a broad-spectrum anticancer
active component, GA brings a prospect in the prevention and
treatment of cancer with advantage of being multi-target.”* GA has
been reported to be toxic to B16—F10 cells and possess significant
inhibitory effect on melanoma-bearing mice.?>?°

0022-3549/© 2021 Published by Elsevier Inc. on behalf of the American Pharmacists Association.
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However, due to the extremely short half-life of GA in plasma,>’*®

multiple injections of GA into patients is necessary to meet the
treatment requirements of malignant tumors, and which leads to
side effects, such as pain, phlebitis, liver damage, heart toxicity, etc.?’
In view of the aforementioned shortcomings, the evaluation of
clinical superiority of GA via intravenous injection in the treatment
of tumors is failed in Phase III of the clinical trial. In addition, GA is
poorly absorbed in vivo via oral administration and its area under
curve (AUC) value is very low (24.3 + 6.96 ng/h.mL) in rats,°
moreover, GA administered orally also shows high toxicity to
various organs of rats.>' Therefore, clinical application of GA via
intravenous injection and oral administration is limited. To address
these issues, on account of the low absorption of GA by oral
administration, a number of research have been carried out on
improving the bioavailability and efficacy of GA through intravenous
injection by liposomes, micelles and nanoparticles, at the same time
avoiding its stimulation on blood vessels and organs in vivo.>>?73234
However, corresponding preparations were still limited by drug
instability, low drug loading, complex preparation process and low
reproducibility, resulting in difficulties of production from laboratory
to industrial scale.>>° Besides, these excipients may also be difficult
to degrade and possess systemic toxicity in vivo. Up to now, no
related intravenous or oral preparations of GA have been clinically
and commercially available. It is therefore necessary to find a new
delivery route of GA with reduced toxicity and maintained efficiency,
serving as a breakthrough in the melanoma treatment.

Topical drug delivery (TDD) is a treatment approach in which a
medication is directly delivered to the disease site of skin at a high
local concentration so as to avoid the drug from entering the blood
circulation, thus achieving a high efficacy at a small delivery area.
Compared with intravenous injection and oral administration, TDD
exhibits great advantages in protecting the drug from the first pass
effect in liver and from the damage in gastrointestinal tract caused
by enzymes, digestive juices, pH, etc., as well as showing low sys-
temic toxicity, few side effects, convenience for use and good pa-
tient compliance.>’ 3% Using TDD as an effective treatment for
cutaneous melanoma, Jiang et al. developed a paclitaxel trans-
fersome gel for topical melanoma treatment.*® Labala et al. re-
ported to deliver imatinib mesylate by topical application using
layer-by-layer polymer-coated gold nanoparticles against the
melanoma.>® To date most of the studies on GA in the melanoma
treatment focus on the intravenous injection route, few on the skin
administration. This study, investigated the skin permeability, anti-
melanoma activity and safety of GA through topical delivery, and
evaluated the feasibility of its anti-melanoma activity.

Materials and Methods
Materials

GA (purity > 98%) was obtained from Chengdu Rui Sifen Bio-
Tech Co., Ltd (Chengdu, China). Azone (AZ) was purchased from
Shanghai Aladdin Bio-Tech Co., Ltd (Shanghai, China). Propylene
glycol (PG), 1-methyl-2-pyrrolidone (NMP), isopropyl myristate
(IPM), polyethylene glycol-400 (PEG-400) and tween-80 were
purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Carbopol 974P was purchased from Beijing Guoren Yikang
Tech Co., Ltd (Beijing, China). Acetonitrile and methanol (HPLC
grade) were purchased from Mreda Technology Co., Ltd (Beijing,
China). All other chemicals and solvents were of analytical grade.

Cell Culture

B16—F10 cells were obtained from the Cell Bank of Chinese
Academy of Sciences (Shanghai, China). The cells were cultured in

RPMI-1640 medium (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% FBS (Thermo Fisher Scientific, Waltham,
MA, USA) and maintained at 37 °C in a humidified atmosphere
containing 5% CO,.

Animals

Male C57BL/6] mice (20 + 2 g) and male BALB/c nude mice
(20 + 2 g) were provided by Liaoning Changsheng Bio-Tech Co. Ltd
(Benxi, China). SD rats (200 + 20 g) and male KM mice (20 + 2 g)
were purchased from Dalian Medical University (Dalian, China).
Animals were housed with free access to standard food pellet and
water in plastic cages at a controlled temperature of 20—22 °C and
adapted to a 12 h light—12 h dark cycle. All animal experiments
were conducted in accordance with EU Directive 2010/63/EU for
animal experiments and the Biology and Medical Ethics Committee
of Dalian University of Technology (Dalian, China). All efforts were
made to minimize the animals suffering and to reduce the number
of animals used.

Analysis of GA

GA was analyzed by a high performance liquid chromatography
(HPLC) equipped with a UV detector (Shimadzu, Kyoto, Japan).
Separation was achieved with a diamosil C18 (2) column
(150 x 4.6 mm; particle size 5 pum) (Dikma Tech, Beijing, China)
maintained at 30 °C. A mobile phase consisted of 90% organic phase
(a mixture of acetonitrile and methanol (1:1)) and 10% water phase
(containing 0.1% phosphoric acid) was kept at a flow rate of 1.0 mL/
min and monitored at a wavelength of 360 nm. The standard curve
was developed using linear regression analysis in the range of
0.078—10 pg/mL (R* = 0.9999). The relative standard deviations of
inter- and intra-day precision were below 1.0%, and the recovery of
GA by ultrasonic extraction was between 95 and 105%.

Melting Point Measurement

The melting point of GA was investigated by a differential
scanning calorimetry (DSC, Shimadzu, Japan). GA and Al;03 sam-
ples of the same weight were placed in aluminum pans separately.
DSC measurements were carried out at a temperature range of
25-200 °C and a nitrogen flow of 50 mL/min. The heating rate was
10 °C per minute. All samples were prepared in triplicate.

Apparent Solubility Determination

The apparent solubility of GA was determined by a shake-flask
method. An excess mount of GA was added into 5.0 mL of deion-
ized water, and the flask was shaken at 25 + 0.5 °C for 24 h. Next,
the solution was centrifuged at 10,000 rpm for 10 min and the
supernatant was filtered by a 0.45 pm membrane. Then the con-
centration of GA was determined by the HPLC method. All samples
were analyzed in triplicate.

Apparent Partition Coefficient Determination

Water and n-octanol (mixed with a ratio of 1:1) were pre-
saturated at 25 + 0.5 °C for 24 h, and then the oil phase and wa-
ter phase were separated by centrifugation at 10,000 rpm for
10 min. A certain amount of GA was dissolved in the water phase (n-
octanol saturation) by ultrasound for 30 min, and then 8.0 mL water
phase and 1.0 mL oil phase were mixed and shaken at 25 + 0.5 °C
for 24 h. After that, the solutions were centrifuged at 10,000 rpm for
10 min. The concentrations of GA in oil phase and water phase were
analyzed by the HPLC method, and the apparent partition
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coefficient of GA described as log P was calculated by the formula:
log P = log (Co/Cyw), in which C, and C,, represent concentrations of
GA in oil phase and water phase, respectively. All samples were
analyzed in triplicate.

In Vitro Penetration of GA in Intact Skin and Stripped Skin

The purpose of this experiment was to investigate the effect of
the stratum corneum (SC) on permeability for GA in vitro. Saturated
GA was used as a donor solution. To ensure that the saturated GA in
the donor chamber was stirred throughout the experiment and to
avoid the issue of undissolved GA solid in the saturated solution
adsorbing on the skin surface and interfering with skin penetration,
the penetration of GA was evaluated using a horizontal (side-by-
side) diffusion cell system (KX-5HPC, Dalian Kexiang Technology
Co., Ltd., Dalian, China) with an effective diffusion area of 0.79 cm?
and a 5.0 mL receptor chamber in intact skin and in stripped skin.
Male nude mice were sacrificed by cervical dislocation. Next, dorsal
skin was cut with subcutaneous fat removed to prepare the intact
skin. The SC of the intact skin was removed 15—20 times by tape
stripping to prepare stripped skin. The thickness of the prepared
skin was measured using a vernier caliper. The skin was mounted
between the donor and receptor chambers with the SC facing the
right-hand side chamber. The left-hand side chamber (receptor
compartment) was filled with a phosphate buffer saline (PBS)
medium (pH 5.5, containing 0.5% tween-80), whereas the right-
hand side chamber (donor compartment) was filled with a satu-
rated solution of GA (896.91 + 109.19 pg/mL) in a PBS medium (pH
5.5, containing 0.5% tween-80) to maintain a constant source of
drug. In addition, the diffusion cell was kept at 32 + 0.2 °C by
electric heating, and both the donor and receptor compartments
were under agitation by a magnetic stirrer at 600 rpm throughout
the experiment. Next, 0.3 mL of samples was taken from the re-
ceptor compartment at various time points (0, 3, 6, 9, 12, 15, 18, 21,
24, and 27 h), and replaced by fresh medium of the same volume.
Finally, the GA concentrations in the solutions were determined by
the HPLC method. All experiments were sampled and analyzed
from four individual skin membranes. Related permeation param-
eters were calculated according to the following equations:

Qt:Cn><V-l-XA:Cn,1><Vn7 1)

P =% )
where Q; is cumulative amount of GA permeated per unit area of
skin (pug/cm?), C, is a concentration of GA determined at No.n
sampling interval (pg/mL), Cy_q is a concentration of GA deter-
mined at No. n-1 sampling interval (ug/mL), V is the volume of
individual diffusion cell (5.0 mL), Vj is the volume of sampling
aliquot (0.3 mL), and A is effective diffusion surface area (0.79 cm?).
Py, is permeation coefficient (cm/h), and C is the initial concen-
tration of GA in the donor compartment.

In Vitro Effect of pH on the Penetration of GA Through Intact Skin

To investigate the effect of pH on the permeation of GA in vitro, a
vertical diffusion cell system (KX-10VPC, Dalian Kexiang Technol-
ogy Co., Ltd., Dalian, China) with an effective diffusion area of
1.77 cm? and a 10.0 mL receptor compartment was used, similar to
the use state of transdermal absorption preparation. Dorsal skin of
the same thickness from male normal mice was mounted between
the donor and receptor chambers with the SC facing the donor
chamber. The receptor chamber was filled with a PBS medium (pH
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Fig. 1. Schematic illustration of preparation and application of GA as a patch for topical
delivery.

5.5, containing 0.5% tween-80), and the donor chambers were
individually filled with 0.5 mL of various GA formulations dissolved
in 0.5% tween-80 aqueous solutions (pH 5.5, 6.5, 7.5, and 8.5,
500 pg/mL of GA). The diffusion cell was maintained at 32 + 0.2 °C
with a magnetic stirrer of 600 rpm. Next, 0.5 mL of the medium was
sampled from the receptor chamber after 12 h or 24 h and con-
centrations of GA were determined by the HPLC method. To eval-
uate the skin accumulation of GA, residual GA was removed from
the skin surface by ethanol and water at the end of the experiment,
and then the skin was cut into small pieces and placed in 1.0 mL of
acetonitrile. GA was extracted from the skin by an ultrasound sys-
tem (SK5200LHC, Shanghai, China) at room temperature
(25 + 0.5 °C) for 60 min. Next, these samples were filtered (0.45 pm)
and the GA concentration in the skin was determined by the HPLC
method. All experiments were based on four individual skin
membranes.

In Vitro Effect of Chemical Enhancers on the Penetration of GA
Through Intact Skin

The effect of chemical enhancers on the GA penetration through
the dorsal skin was investigated by a vertical diffusion cell system
as described above. The procedure for preparation of various GA
formulations was as follows: 50 mg of GA was dissolved in tween-
80 to prepare 100 mg/mL GA solution beforehand, and then 0.1 mL
of GA solution (100 mg/mL) and various amounts of enhancers (AZ,
PG, NMP, or IPM) were added to deionized water to prepare 500 pg/
mL GA aqueous solution. Then, 10.0 mL of PBS (pH 5.5, containing
0.5% tween-80) and 0.5 mL of various GA formulations (AZ, PG,
NMP, or IPM, 500 pg/mL of GA, containing 0.5% tween-80) were
added to the receptor and donor compartments, respectively. The
diffusion cell was continuously stirred at 600 rpm and kept at
32 + 0.2 °C. After 24 h, the concentrations of GA in the receptor
chamber and skin were determined as described above. All exper-
iments were based on four individual skin membranes.

In Vivo Penetration Study

Male C57BL/6] mice were divided into a control group (four
mice, no enhancer, containing 0.5% tween-80, 800 ug/mL of GA
aqueous solution) and an enhancer group (four mice, containing
0.5%AZ, 1% PG, and 0.5% tween-80, 800 ng/mL of GA aqueous so-
lution). Hair on the dorsal skin in an area of about 3 x 3 cm? was
removed with a razor, and 48 h were allowed to pass for full re-
covery of the skin. For in vivo experiments, we designed a delivery
patch consisting of a non-irritating strong adhesive silicone ring
(diameter: 15 mm, height: 4 mm; 3 M company, St. Paul, MN, USA)
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Table 1
The Physical Properties of GA (n = 3, Mean =+ SD).

Molecular Weight (g/mol) Melting Point (°C)

Apparent Solubility (ug/mL, 25 + 0.5 °C) Log P (25 + 0.5 °C)

GA 628.75 69.90—70.72

0.56 + 0.07 432 +0.11

and a non-absorbent medical tape (Shanghai Xisen Material Tech-
nology Co., Ltd. Shanghai, China) as presented in Fig. 1. A porous
round sponge soaked with 0.5 mL of GA aqueous solution (with or
without enhancer) was placed in the silicone ring and the top layer
of patch was fixed with a medical tape to form a closed delivery
system. Then, the delivery patch was attached to the mice skin for
6 h to ensure that GA had sufficient contact with the skin. After the
experiments, the mice were sacrificed and residual GA was
removed from the skin surface by ethanol and water. The test skin
was then removed with a scalpel and cut into small pieces. The GA
extraction method was as described above. GA concentrations in
the skin were analyzed by the HPLC method.

In Vivo Antitumor Effect Study

Next, 60 puL of RPMI-1640 containing B16—F10 cells (the cell
density: 3.3 x 10° cells/mL) was injected intradermally into each
C57BL/6] male mouse, and the animals were individually housed.
Once the tumor diameter reached 2—3 mm (in approximately two
weeks), 36 mice were randomized into six groups (six mice per
group), and three routes of administration were adopted. The mice
were treated in the following regimens: (1) blank group: without
any treatment; (2) AZ—PG topical delivery group: 0.5 mL aqueous
solution (without GA, containing 0.5% AZ, 1% PG, and 0.5% tween-
80) smeared on the tumors for 6 h every day (as in Fig. 1); (3)
GA + AZ—-PG topical delivery group: 0.5 mL GA aqueous solution
(containing 0.5%AZ, 1% PG, and 0.5% tween-80, 800 pg/mL of GA)
smeared for 6 h every day (as in Fig. 1); (4) GA topical delivery
group: 0.5 mL GA aqueous solution (without enhancer, containing
0.5% tween-80, 800 pg/mL of GA) smeared for 6 h every day (as in
Fig. 1); (5) GA intravenous injection group: injection of GA (4 mg/
kg) every other day in the tail vein; and (6) GA oral administration
group: intragastric administration of GA (20 mg/kg) every other
day. The tumor volume (according to the formula®”:
volume = 0.52 x length x width?) and the body weight of each
mouse were measured daily. Because the skin would rupture after
11 days of topical delivery due to the excessive tumor growth, we
stopped administration of GA on day 10 in order to accurately

124 -® Stripped skin
- [ntact skin
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Fig. 2. Permeated amount versus time profiles of GA through intact skin and stripped
skin for 27 h in vitro (n = 4).

evaluate the anti-melanoma activity of GA through the intact skin.
Mice were euthanatized after treatments, after which the tissues
(including heart, liver, spleen, lung, kidney, and tumor) were
collected and weighed. The tissue sections were stained by the
hematoxylin-eosin staining (H&E). The stained tissue sections were
visualized under microscope (Olympus CX43).

Skin Irritation Study

The skin irritation caused by GA was evaluated according to the
organization for economic co-operation and development (OECD)
guidelines with little modification.?! Eighteen SD rats (200 + 2 g;
nine male and nine female) were selected to the test for convenient
operation due to its small size, and the skin irritation of these an-
imals of each sex to GA could be fully investigated. Rats were
divided randomly into three groups (six animals per group). In each
rat, hair on both sides of the dorsal skin at an area of about 10 cm?
was removed by a razor 24 h before the day of the experiment. Rats
with undamaged skin were marked as the intact skin group. The
stripped skin group included rats in which SC was removed 20
times by tape peeling prior to the first administration. The
scratched skin group included rats that were punctured in “#”
pattern by a sterile needle until their skin bled.

Next, 0.5 g of GA gel (containing 0.8% carbopol 974P and 0.5%
tween-80 as vehicle, 800 pg/mL of GA) was smeared on the right-
side dorsal skin for 6 h daily, while on the left side, an equivalent
amount of vehicle was applied as negative control. The rats were
wrapped with sterile gauze and adhesive tape to avoid movement.
In each rat, the skin was observed every day after residual sample
was removed for 1 h. After the last administration, skin irritation
was continuously examined at 24, 48, and 72 h, or at additional
time points. A numerical scoring system was used to rate skin re-
actions on a scale from 0 to 4, ranging from no signs to severe signs
(Table S1, supplementary material). In addition, the skin was cut off
and investigated after H&E staining. The stained tissue sections
were visualized under a microscope (Olympus CX43).

Statistical Analysis

Statistical analysis of all samples was carried out with SPSS 21.0,
and values were presented as means + standard deviation of at
least three independent determinations. p values were obtained
using two-tailed unpaired Student's t tests. Results were deter-
mined to be statistically significant as p < 0.05.

Table 2
Permeation Parameters of GA Through Intact Skin and Stripped Skin at 27 h In Vitro
(n = 4, Mean =+ SD).

Permeation Parameters Intact Skin Stripped Skin

Qa7 (ng/cm?) 1.63 +0.77 8.31 +3.96

Jss (ug/cm?/h) 0.14 + 0.06 0.50 + 0.22

tq () 15.81 + 0.68 11.11 + 1.14

P (cm/h) (1.57 £ 0.70) x 107 (5.58 +2.40) x 107
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Results

Physical Properties of GA

The melting point of GA was low at a range of 69.90—70.72 °C
(Table 1), and GA exhibited poor aqueous solubility (0.56 + 0.07 pg/
mL). In addition, the log P value (4.32 + 0.11) showed that GA had
strong lipophilicity.

In Vitro Penetration of GA Through the Intact Skin and Stripped Skin

The diffusion cell system was employed to evaluate the GA
penetration through the intact skin and stripped skin of nude mice
in vitro. GA was detected in the receptor solution of the stripped
skin group at 9 h, while it was detectable in the solution of the
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intact skin group after 15 h (Fig. 2). In addition, the steady-state flux
(050 + 022 pg/cm?/h) and cumulative penetration amount
(831 + 3.96 pg/cm?) of GA at 27 h in the stripped skin were
significantly higher than in the intact skin group (0.14 + 0.06 pg/
cm?/h and 1.63 + 0.77 pg/cm?, respectively) (Table 2). The lag time
of GA in the stripped skin was 11.11 h, which was shorter than in the
intact skin (15.81 h) (Table 2), but it still took a relatively long time
for GA to reach a steady penetration state. The permeation coeffi-
cient of GA in the stripped skin was three times higher than that in
the intact skin.

In Vitro Effect of pH on the Penetration of GA Through the Intact Skin

A series of GA formulations at different pH values (5.5, 6.5, 7.5,
and 8.5) were prepared to investigate the effect of pH on the
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concentartions of AZ; *p < 0.05, **p < 0.01 vs control; (c) different concentartions of PG.
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penetration of GA in vitro. For all formulations, no GA was detected
in the receptor solution at 12 h, but GA was detected at 24 h with no
significant difference in its cumulative penetration amount be-
tween different pH formulations (p > 0.05, Fig. 3a). Additionally, a
slight downward trend of GA content in the skin was observed at
both 12 h and 24 h when the pH of formulations increased from 5.5
to 8.5, but there was no significant difference observed between the
formulations (p > 0.05, Fig. 3b). Briefly, the penetration of GA
during 24 h in vitro was not significantly affected by pH in the range
from 5.5 to 8.5.

In Vitro Effect of Chemical Enhancers on the Penetration of GA
Through the Intact Skin

Chemical enhancers were used to improve the penetration of GA
through the intact skin. Since only a small portion of the total GA
content penetrated through the intact skin at 24 h, we investigated
the effect of enhancers on the skin accumulation of GA. The results
showed that compared with the control group, the GA content
increased by 2.38 times (p < 0.05) and 1.64 times when the skin was
treated by AZ and NMP, respectively (Fig. 4a). In contrast, the GA
content did not increase after treatment by PG or IPM. The effect of
AZ concentration was subsequently studied because AZ obviously
enhanced the GA accumulation. In comparison with the control
group, the GA skin content was significantly increased by 0.5%—5%

AZ (p < 0.05, Fig. 4b). The increase level remained the same when
AZ concentrations were between 0.5% and 2%, relatively higher
than that in 5% AZ (p < 0.05).

Considering the previous reports of obvious synergistic effects
of the AZ-PG combination,*”#* we further investigated the skin
penetration by GA after applying the combination of AZ and PG
in vitro. The GA content in the skin did not change when the skin
was treated with PG alone in the concentration range of 1-10%
(p > 0.05, Fig. 4c). However, when 1% PG was added to 0.5%, 1%, and
2% AZ, the GA content notably increased by 4.70, 4.87, and 4.35
times, respectively, compared with the control group (p < 0.01,
Fig. 5a). Moreover, the data from the AZ—PG combination and AZ
alone indicated that the addition of PG improved the GA content in
the skin for every concentration of AZ (Fig. 5a), suggesting the
synergistic effects of AZ—PG on the skin accumulation of GA. In
addition, the combination of AZ and PG showed an insignificant
effect on the GA cumulative amount permeated at 24 h (Fig. 5b), but
it could greatly increase the accumulation of GA in each layer of the
skin (Fig. S1, supplementary material). Based on these results, the
combination of 0.5% AZ and 1% PG was selected for in vivo studies.

In Vivo Penetration Study

The GA penetration experiments in vivo were carried out on the
dorsal skin of C57BL/6] mice. After delivery of GA by topical
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Fig. 6. In vivo antitumor evaluation of GA delivered via different routes of administration (n = 6). (a) Tumor volumes of the B16—F10 melanoma-bearing mice over time; **p < 0.01;
(b) tumors isolated after 10 days (Scale bar = 5 mm); (c) tumor weights after 10 days; *p < 0.05; and d) body weights of the mice over time.

application for 6 h, the content of GA in the skin without treatment
by enhancers was 4.06 + 0.33 pg/g (Fig. 5¢). However, it increased
two-fold to 8.86 + 3.15 pg/g after addition of 0.5% AZ and 1% PG
(p < 0.05), indicating that the combination of 0.5% AZ and 1% PG
achieved an obvious synergistic effect on the skin accumulation of
GA in vivo.

In Vivo Antitumor Effect Study

The anticancer efficacy of GA via topical delivery, intravenous
injection, and oral administration was evaluated in the B16—F10
melanoma-bearing mice. Compared with the blank group and the
AZ—PG topical delivery group, growth of tumor volume was slowed
down after giving GA for 10 days through oral, topical, and intra-
venous administrations (Fig. 6a). However, the antitumor efficacy
of GA was notably stronger after topical delivery (containing
AZ—PG) or intravenous injection compared with oral administra-
tion in terms of tumor volume, size and weight (p < 0.01, p < 0.05,
Fig. 6a, b and 6¢). Of note, tumor volumes and weights were
identical for samples treated through intravenous injection and
topical delivery (containing AZ—PG) of GA for 10 days (p > 0.05,

Fig. 6a and c). The in vivo antitumor effect study further demon-
strated that the combined use of AZ and PG had a significant effect
on the permeation of GA (Fig. 6). In addition, a noticeable decrease
in body weight was observed in the intravenous injection group
(Fig. 6d), but not in the oral administration and topical delivery
groups during the 10-day treatment. Histopathological examina-
tion of the tumors showed dense tumor tissues and angiogenesis in
the blank group and the AZ—PG topical delivery group (Fig. S4a and
S4b, supplementary material). However, after GA treatment, loose
tumor tissues were clearly observed in the center of samples in the
oral, intravenous injection, and topical delivery groups (Fig. S4c,
S4d and S4e). In particular, tumor tissue necrosis and cell
apoptosis appeared in both the intravenous injection and topical
delivery groups (black arrows, Fig. S4d and S4e). This phenomenon
was also observed outside the tumor tissue in the topical delivery
group (black arrows, Fig. S4f).

To evaluate the safety of GA in vivo through oral, intravenous,
and topical administration, we investigated the histopathological
appearance of major organs (heart, liver, spleen, lungs, and kidney)
after the 10-day treatment. Compared with the blank group, oral
and intravenous delivery of GA seriously damaged the liver, spleen,

Table 3
Effect of Different Administration Routes of GA on the Organ Coefficient of Mice (n = 6, Mean + SD, *p < 0.05 vs Blank Group).
Heart Liver Spleen Lung Kidney

Blank 0.48 + 0.06 529 + 0.64 0.31 + 0.04 0.62 +0.11 1.26 + 0.12
AZ—PG (Topical) 0.55 + 0.07 5.59 + 0.36 0.33 + 0.05 0.70 + 0.04 1.41 + 0.10
GA + AZ—PG (Topical) 0.52 + 0.06 5.49 + 0.41 0.27 + 0.09 0.63 + 0.09 1.42 + 0.04
GA (Intravenous) 0.52 + 0.04 5.85 + 041 0.71 + 0.28* 0.76 + 0.12 1.51 + 0.12*
GA (Oral) 0.46 + 0.05 5.72 + 0.39 0.31 + 0.06 0.64 + 0.04 1.35 £ 0.10
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lungs, and kidneys (Fig. S5, supplementary material). In the liver,
lacunar dilatation of hepatic sinuses and nuclear atrophy of hepa-
tocytes were observed. In the spleen, the marginal area of the
spleen corpuscle was blurred, and infiltration tissue was observed
in the white pulp region. In the lung tissue, a large number of in-
flammatory cells were observed around the bronchi. The reduced
lumen of glomeruli and congestion of proximal and distal renal
tubules were also observed. Moreover, after treatment by GA
intravenous injection, the heart showed loose myocardial connec-
tive tissues and an enlarged myocardial fiber gap, while the oral
administration group showed no obvious pathology in the heart
samples. In contrast, there were no remarkable pathological
changes in the corresponding organs of the mice treated with GA
(AZ—PG) via topical delivery. Additionally, intravenous injection of
GA resulted in a higher organ coefficient in the spleen and kidney
compared with the blank group (Table 3), while the organ co-
efficients in the groups treated by oral and skin administration
appeared minor. These results indicated that the delivery of GA via
topical application was safe.

Skin Irritation of GA

The irritation effects of GA on the intact, stripped, and scratched
skin of rats were studied over a time period of 10 days. No
noticeable erythema or edema appeared in the intact skin group
when GA gel was continuously applied to the dorsal skin for 7 days
(Fig. S6a, supplementary material). After the last administration,
the skin was under observation for another three days (72 h) and
showed no erythema or edema (Table S2, supplementary material).
In the stripped skin group, in which SC was removed by tape
stripping, erythema and edema appeared after a one-day applica-
tion of either the GA-containing gel or the vehicle alone (Fig. S6b),
and scabs appeared after two days of treatment. During the 10 days,
the control and the GA groups showed no apparent difference in
the score of erythema and edema (p > 0.05, Table S3, supplemen-
tary material). During the additional three days, no obvious ery-
thema or edema was observed on the stripped skin in both groups.
Similar images were obtained for the scratched skin; erythema and
scabs started to be seen in both groups on the first day after
exposing the epidermis to the external environment by needle
puncturing (Fig. S6¢). The skin of both groups was scratched again
by the needle on day 4 when the scab almost fell off for further
investigation of skin irritation. For the control and GA-treated
groups, there was no significant difference in the erythema score
within the 10 days (p > 0.05, Table S4, supplementary material) and
no remarkable erythema in the continuous observation during the
additional three days. Histological examination was performed on
the tested skin of all groups. Each rat was euthanized at 72 h after
the last administration, and then the test skin was removed and
fixed with 10% neutral formalin. No severe lesions were observed in
the epidermis and dermis from the intact skin group after the
treatment with GA gel (Fig. S6d). The same results were observed in
the stripped skin and scratched skin group in which the GA gel had
been applied. These results confirmed that GA caused no skin
irritation in rats.

Discussion

The low melting point (70 °C) of GA implies a high solubility in
skin lipids, so that a higher transdermal flux is expected,* but its
high molecular weight (628.75 g/mol) tends to a low percutaneous
flux in skin.*® In addition, GA showed poor aqueous solubility
(0.56 + 0.07 pg/mL) and strong lipophilicity with log Pof 4.32 + 0.11,
suggesting that the diffusion of GA in the skin could be hindered by

hydrophilic surrounding of the epidermis.*’ These physical prop-
erties imply that it is difficult for GA to penetrate through the skin.

Nude mice were used for the GA penetration of intact skin and
stripped skin in vitro due to the minimum effect of hair follicles on
drug penetration.*® GA was reported to be more stable in an acidic
surrounding,*” so in this study, PBS with pH 5.5 was selected as the
receiving medium. The results demonstrated that the GA penetra-
tion through the intact skin was hindered by the SC (Fig. 2), which
served as the most critical barrier to transdermal drug delivery.>® In
addition, the diffusion of GA in the skin was hindered by the hy-
drophilic environment of viable skin, and it still took a long time for
GA to penetrate the viable skin (Table 2). The permeation coeffi-
cient, a concentration-irrelevant parameter describing the intrinsic
ability of a drug to cross the SC barrier,*® indicated that it was
difficult for GA to penetrate the intact skin, as also confirmed by the
physical properties mentioned above. Overall, the GA penetration
was mainly hindered by the SC and the hydrophilic surroundings of
viable skin.

The drug penetration was influenced by pH of the vehicles as
well as the skin.’! In this study, a slight decrease in the skin GA
content was observed at 12 h and 24 h as the pH of formulations
increased from 5.5 to 8.5 (Fig. 3b). We speculated that GA is a
weakly acidic drug, which resulted in an increase of ionized GA in
formulations along with the pH value. Therefore, the diffusion rate
of GA through the lipophilic SC subsequently decreased, thus
reducing the content of GA in the skin. However, there was no
significant difference between the formulations (p > 0.05). Addi-
tionally, no significant binding of GA in SC and viable skin was
found (Fig. S2, supplementary material); hence, dermal toxicity
that could be caused by the highly bound drug in the skin is avoi-
ded.”” Besides, drugs could be metabolized, although the viability
of metabolic enzymes is significantly lower in the skin (approxi-
mately 1-10%) than in the liver.”> We found that the stability of GA
in a fresh mouse liver homogenate was poor, and its concentration
decreased by 60% after 12 h incubation (Fig. S3, supplementary
material). In contrast, the stability of GA in the corresponding blank
solvent (0.5% tween-80 aqueous solution) and fresh skin homoge-
nate was better, and the content of GA at 12 h decreased only by 10%
and 20%, respectively. These results suggested that the effect of
metabolic enzymes on GA was even less in the skin than that in the
liver.

Chemical enhancing is an effective approach to increase drug
percutaneous absorption by interacting with skin constituents to
promote drug flux.*>** In this study, AZ provided a considerable
enhancement in the skin accumulation of GA in a concentration-
dependent manner ranging from 0.5% to 5%. Despite being a
widely used penetration enhancer, PG only offered mild
enhancement effects on estradiol and 5-fluorouracil,*> and it had
almost no effect on the GA content in the skin in our work. In
addition, the AZ—PG combination has been reported to have
obvious synergistic effects,*> 44 which was verified in our study.
Importantly, the GA cumulative amount permeated did not in-
crease after adding AZ and PG, but a considerable drug accumu-
lation was obtained in the SC and viable skin (Fig. 5b and Fig. S1),
thus achieving topical targeted treatment of cutaneous melanoma
and reducing systemic toxicity of GA. The enhancement mecha-
nism of AZ and PG has been reported in a large number of liter-
atures.**>455 In this study, we speculated that PG increased the AZ
concentration in the SC so as to enhance the effect of AZ on the GA
permeation,*? but this needs further study. Moreover, possibly
due to an extremely small amount of GA in the plasma of mice, no
GA was detected both in the control group (without enhancer) and
enhancer group (containing 0.5% AZ and 1% PG) under our analysis
method when it was applied to the dorsal skin for 6 h in vivo (not
supplied).



D. Zhang et al. / Journal of Pharmaceutical Sciences 110 (2021) 2167-2176 2175

Our study demonstrated the GA toxicity to the B16—F10 cells
in vivo (Fig. 6). Due to the poor absorption of GA after oral admin-
istration in vivo,>° a low concentration of GA was achieved in tumor
tissues, and its anti-tumor activity was not obvious in our study
(Fig. 6a). However, the antitumor efficacy of GA after intravenous
injection and topical administration (containing AZ—PG) was
significantly stronger. GA avoided the first-pass effect in the liver
via intravenous injection, and it directly entered the blood circu-
lation to arrive to the tumor tissue with toxicity to the solid mel-
anoma. Interestingly, topical delivery of GA (AZ—PG) induced
noticeable cell apoptosis and tissue necrosis both outside and in the
center of tumor tissues (Fig. S4e and S4f). Probably because only a
small portion of GA entered the blood circulation via topical de-
livery and a large portion remained in the skin. GA accumulated in
the epidermis could penetrate the tumor tissue from the outside
and directly target the melanoma to kill cells on the outside and in
the center of the tumor, as a result achieving the same anti-
melanoma effect as it did through intravenous injection. Howev-
er, the specific anti-melanoma mechanism of GA via topical de-
livery remains unclear and needs further study.

The toxicity of GA for organs and skin in vivo was also evaluated.
We noticed a remarkable loss of body weight in mice treated by
intravenous injection (Fig. 6d). Body weight loss is an indicator of
adverse effects of drugs and chemicals,’® so GA was toxic in this
manner to mice through intravenous injection as also demon-
strated by previous studies.>>?” Toxicity of GA was also confirmed
by the remarkable pathological changes in the organs (heart, liver,
spleen, lungs, and kidney) of mice after GA treatment via intrave-
nous injection (Fig. S5). Orally administrated GA also produced
toxicity to various organs. In contrast, we recorded no pathological
changes in the various organs of mice treated with GA (AZ—PG) by
topical delivery, indicating that topical administration of GA was
safe for the vital organs in vivo. Additionally, skin irritation is an
essential component of toxicity screening,”’ and erythema and
edema are reactions to skin irritation.”® Our results demonstrated
that there was no noticeable irritation of the intact rat skin treated
by GA (Fig. S6a and S6d). SC is a natural barrier of the skin that
protects the epidermis and dermis from infections.’® In this study,
on the stripped skin and scratched skin, erythema appeared in both
the control group and the GA gel-treated group with no statistical
difference in scores (Fig. S6b and S6c, Tables S2 and S3), and they
disappeared on the 7th day of administration. After the last
administration, no remarkable erythema or edema was observed
on the stripped skin and scratched skin treated with the GA gel
during the continuous observation for three days. No significant
lesions in the epidermis and dermis of the stripped skin and
scratched skin were observed after treatment with GA gel
(Fig. S6d), demonstrating that GA caused no skin irritation in rats.

Conclusions

In summary, we developed a new delivery route of GA via the
skin, and the feasibility of its anti-melanoma activity was system-
atically evaluated. GA exhibited a weak transdermal delivery and a
strong local accumulation in the skin with the addition of AZ and
PG, which allowed a topical targeted therapy for cutaneous mela-
noma and avoided the systemic toxicity of the drug. In addition, GA
(AZ—PG) delivered by topical application exhibited the same anti-
tumor effect as GA delivered by intravenous injection, and its
toxicity was remarkably lower than that of intravenous or oral
administration. Our study demonstrated the anti-melanoma ac-
tivity of GA via the topical delivery route was effective and safe,
which provides an alternative route in anti-melanoma treatment.
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