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Abstract - Purpose: Silibinin, is a natural compound, which has shown anticancer activity in various
malignancies. In this study, we evaluated the anticancer effects of silibinin in B16-F10 melanoma cells and
developed a novel thermoresponsive hydrogel for local delivery of this compound. Method: A
thermoresponsive hydrogel loaded with silibinin was prepared using triblock copolymers of poly[(a-benzyl
carboxylate-e-caprolactone)-co-(a-carboxyl-g-caprolactone) ran-b-PEG-b-[(a-benzyl carboxylate-g-caprolactone)
-co-(0-carboxyl-g-caprolactone)].n  (PCBCL-b-PEG-b-PCBCL), namely PolyGel™, and compared with a
Pluronic F-127 formulation of silibinin. Sol-gel transition temperature of hydrogels was measured by inverse
flow method and modulated differential scanning calorimetry (MDSC). Silibinin loading efficiency was
measured by HPLC. The MTT and clonogenic assays were used to assess the cytotoxicity and anti-proliferative
effects of silibinin on B16-F10 melanoma cells. Flow cytotmetry was used to quantify the induced level of
apoptosis and measure the intracellular level of activated STAT3 (pSTAT3) following silibinin treatment in
B16.F10 cells. The effects of silibinin on the activation of oncogenic proteins were also evaluated by western
blot. Results: Silibinin inhibited cell proliferation (ICso = 67 uM), provoked cell cycle arrest, induced apoptosis,
suppressed key oncogenic pathways (i.e STAT3 and MEK/ERK), and enhanced the cytotoxic effects of
doxorubicin in B16-F10 cells. Both PolyGel™ and Pluronic F-127 hydrogels were effective in loading silibinin.
A lower drug release pattern within 24h, fitting first- order release kinetics, was observed for the release of
silibinin from both gels compared to free drug. PolyGel™ demonstrated enhanced percutaneous absorption of
silibinin through increasing mouse skin intracellular lipid fluidity as documented by DSC of skin following
PolyGel™ use. Silibinin loaded in PolyGel ™ inhibited the growth of B16-F10 cells (ICso = 30 uM) and
effectively suppressed pSTAT3 activity in B16-F10 cells at 10 uM. Conclusion: Our results imply a great
potential for PolyGel ™ formulations of silibinin for local treatment of malignant melanoma.

This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For
Readers”) may comment by clicking on ABSTRACT on the issue’s content page.

INTRODUCTION inflammation and UV-A-induced damage to human

keratinocytes (2-6). Besides its preventive effect,
Silibinin is one of the most abundant and active several recent data point to the therapeutic value of
components of silymarin, a polyphenolic flavonoid silymarin and its components in cancer. An
isolated from seeds of the milk thistle, i.e., Silybum increasing number of studies report that silibinin
marianum. Silymarin is primarily used as a inhibits multiple oncogenic signaling pathways and
traditional medicine in oral form to treat liver exert potent growth inhibitory effects in different
disorders (such as hepatitis and cirrhosis) and to types of cancer (7-10).

protect liver against chemical and environmental
toxins (1). In addition to these effects, silymarin and
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Previous studies have demonstrated strong
therapeutic activity of silibinin in inhibiting the
migratory and invasive characteristics of cancer
cells pinpointing to the potential of this drug in the
treatment of metastatic malignancies such as
malignant melanoma (11-15). One of the most
important cancer oncogenic pathways suppressed
by silibinin is signal transducer and activator 3
(STAT3) (10, 16, 17). STAT3 is found
constitutively active in many types of human
malignancies including malignant melanoma and
plays a key role in cancer progression (18). In
addition, consecutive expression of p-STAT3 has
been also indicated as a therapeutic target in
inflammatory conditions affecting skin such as
psoriasis. Therefore, silibinin is considered a
promising drug for treatment of cancer and some
skin inflammatory disease such as psoriasis.
Unfortunately, plasma levels of silibinin
following oral administration of silymarin are
generally lower than concentrations needed for its
therapeutic effects. This is mainly due to poor
absorption and rapid metabolism of silibinin
following oral administration (19, 20). It is;
therefore, not surprising that the silibinin levels
reaching skin after oral administration of silymarin
are well below its therapeutic threshold, as well.
Development of effective formulations that can
provide steady and high skin levels of silibinin can
have several potential therapeutic applications.
Here, we first studied the suppressive effects of
silibinin on the cell growth and the key oncogenic
pathways in B16-F10 melanoma cells. We then
assessed the potential of a thermoresponsive
hydrogels based on PEG and functionalized poly(e-
caprolactone) developed by our research group
(namely PolyGel™) for silibinin delivery through
skin compared to that of Pluronic® F-127, a
commercially available hydrogel extensively used
for topical drug administration (Scheme 1). Both
Pluronic® F-127 and PolyGel™ are thermo-
reversible hydrogels with critical gelation
temperatures (CGT)s around 20 and 35 °C above
their corresponding critical gelation concentrations
(CGCQ). The advantage of PolyGel™ over Pluronic®
is its much lower CGC (10 versus 25 w/w %),
which will reduce the required amount of gel
forming material for topical or subcutaneous
administration (21). Moreover, the potential for
sustained drug release, degradability as well as pH

sensitivity of PolyGel™ may make this biomaterial

more appealing for depot or stimulus responsive
drug release through other routes of administration.

MATERIALS AND METHODS
MATERIAL

Silibinin, Pluronic® F-127, dimethyl sulfoxide
(DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), dihydroxy
poly(ethylene glycol) (PEG, MW=1450 Da),
palladium, 10% on activated charcoal were
purchased from Sigma-Aldrich (St-Louis, MO).
Fetal bovine serum (FBS) was obtained from
Hyclon (Logan UT). Dulbecco modified eagle,
RPMI-1640, L-glutamine was purchased from
Gibco-BRL (Burlington, Ontario, Canada). o-
Benzyl carboxylate- e-caprolactone (BCL) was
synthesis by Alberta Research Chemicals Inc
(ARCI), Edmonton, Canada. All solvents used were
of analytical grade and obtained from Sigma-
Aldrich (St-Louis, MO). CDCI; was used as solvent
to run NMR spectra. NMR spectra were recorded
by a 600 MHz Bruker Avance III instrument. All
the first and secondary antibodies for western
blotting were purchased from Cell Signaling
Technologies, Danvers, MA.

Cell line and animals used in the study

B16-F10 melanoma cell line from ATCC was
grown in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% FBS at 37°C and
humidified 5% CO,. Mice skin was obtained from
4-5 weeks-old C57 mice (purchased from Charles
River).

Cell toxicity assay

B16-F10 melanoma cells were plated at the density
of 5000 cells per well in a 96 well-plate. After
overnight incubation, the cells were treated with
silibinin formulations at different concentrations. In
silibinin-doxorubicin combinational therapy studies,
the cells were treated with silibinin at 125 pM
concentration along with 18 uM of doxorubicin.
Monotherapy groups including the cells treated with
either silibinin or doxorubicin at the same
concentrations as combinational therapy were used
for comparison.
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Scheme 1. Chemical structure of A) Silibinin; B) Pluronic F-127; and C) PolyGel™ or PCBCL-PEG-PCBCL

In cell cytotoxicity assays, control groups were
treated with either 2 % DMSO or hydrogels without
silibinin. Cell viability was measured with MTT
assay 24 and 48 hours after treatment and
normalized to the cell viability of control group
(22). To evaluate synergic versus additive effects of
silibinin and doxorubicin combinational therapy,
CompuSyn software was applied to generate the
dose—effect curves for single agents and their
combinations using the data obtained from MTT
assays. The combination index (CI) values for each
dose and the corresponding effect level, referred to
as the fraction affected (fi; the fraction of cells
inhibited after the drug exposure, e.g. 0.5 when cell
growth is inhibited by 50 %), were calculated. The
CI value at f;= 0.5 has been reported for the
combinational therapy in the present research work.
The combination index offers a quantitative
definition for an additive effect (CI = 1), synergism

(CI<1), and antagonism (CI>1) in drug
combinations.
Apoptosis Assays

To examine apoptosis in B16-F10 cells treated with
silibinin, the cells were counted after 48 h

incubation with silibinin and stained with
annexinV/propidium iodide (PI) according to the
manufacturer’s instructions (BD Biosciences,
Mississauga, ON). The samples were then analyzed
on a Becton Dickinson (Franklin Lke, NJ, USA)
FACSCalibur flow cytometer. To assess cell cycle
in B16-F10 cells treated with silibinin, the cells
were stained with PI and cell-cycle analysis was
performed by flow cytometry. In brief, cells were
fixed with ice-cold 70% ethanol 48 hours after
treatment. These cells were then subjected to RNase
treatment and PI staining. After 30 min incubation
with PI at room temperature, the cells were washed
and immediately analyzed on a Becton Dickinson
(Franklin Lke, NJ, USA) FACSCalibur flow
cytometer. Data acquisition was gated to exclude
cell doublets, and the cell-cycle phase distribution
was determined using the CellQuest program (20
000 events were counted). The experiments were
performed in triplicate and repeated on two
separately initiated cultures.

Western blot
Western blot was performed as described
previously (23). All antibodies were diluted in 5%
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bovine serum albumin (BSA) in Tris buffered saline
and 0.1% Tween-20 (TBST). The expression of [3-
actin served as the loading control for all Western
blots.

Plasmid Constructs and Cell Transfection

The constitutively active form of STAT3
(STAT3C) was a pRc/CMV-Stat3C plasmid that
was acquired as a gift from Dr. Jacqueline
Bromberg (24). Constitutively active form of MEK-
1 (HA-CA-MEK) was a gift from Dr Nathalie
Rivard (Université de Sherbrooke) (25). The
transient transfection of B16-F10 cells with these
two plasmids were performed with the
Lipofectamine 2000 reagent (Life Technologies,
Burlington, ON, Canada). The cells were
transfected with either STAT3C or CA-MEK,
incubated for 24 hours, and then they were treated
with silibinin at different concentrations. After 24 h
incubation, the cell viability was assessed by MTT.
To show that the transfection is stable during the
experiment, the levels of constitutively active
STAT3 (p-STAT3) and ERK (p-ERK) were
evaluated in the cells transfected with the
corresponding constructs for 24 hours and then
treated with silibinin at the highest concentration in
each experiment for 24 hs.

Clonogenic assay

To assess the anti-proliferative effects of silibinin in
B16-F10 cells, the cells were seeded with a density
of 250 cells/well in a 12-well plate. After overnight
growth, the cells were treated with different
concentrations of silibinin and incubated for 24 h.
After incubation, the media was changed with drug-
free media and the cells were cultured for another
eight days before staining. For staining, the cells
were washed with PBS three times. Then, cells
were fixed in cold 100% methanol for 5 min and
stained with crystal violet for 20 min.

Evaluation of pSTATS3 level by flow cytometry

Intracellular staining of pSTAT3 in B16-F10 cell
was done with PE labeled-anti pSTAT3 antibody.
B16-F10 cells treated with silbinin formulations or
control vehicles were collected and washed twice
with PBS and then fixed by PBS/Para formaldehyde
fixation solution at 4° C for 30 min. The cells were
then permeabilized by ice-cold 100% methanol,
incubated 30 min at -20° C, and stained with PE
labeled anti p-STAT3 antibody for 60 min at room

temperature. After 3 washes with incubation buffer,
samples were collected on falcon tube and analyzed
by flow cytometry (FACSCantoll Cytometer, BD
FACSDiva 6.1.3).

Synthesis of triblock copolymer

Triblock copolymer was synthesized using a two-
step synthesis procedure as reported before (26).
Briefly, a mixture of dihydroxy PEG and a-
benzylcarboxylate-e-caprolactone ~ (BCL)  was
transferred to vacuum oven 160° C for 11 h. The
product, 1i.e., poly(a-benzyl carboxylate-e-
caprolactone)-b—PEG—b—poly (a-benzyl
carboxylate-g-caprolactone) (PBCL-b-PEG-b-
PBCL) was purified by dissolving it in
dichloromethane and precipitation in hexane
followed by repeated washing with hexane. The
PBCL-b-PEG-b-PBCL block copolymer was then
reduced with continuous hydrogenation in the
presence of palladium on activated charcoal (10%
by weight of the polymer) leading to the synthesis
of poly[(a-benzyl carboxylate-e-caprolactone) — co-
(a—carboxyl-g-caprolactone)];an—b—PEG-b-[(0-
benzyl carboxylate-g-caprolactone)-co-(a-carboxyl-
g-caprolactone)]ran (PCBCL-b-PEG-b-PCBCL).
Tetrahydrofuran (THF) was used as solvent. The
degree of reduction was controlled by hydrogen
flow rate and reaction time. THF was then
evaporated and the product was dissolved in
dichloromethane and precipitated in hexane three
times. This block copolymer is referred as
PolyGel™ throughout the manuscript.

Critical micelle concentration
measurement

The CMC of the polymeric solutions in Tris buffer
(pH 7.4) was estimated by dynamic light scattering
(DLS) wusing Malvern Nano-ZS90 Zeta-sizer
(Malvern instruments Ltd., Malvern, U.K). Below
the CMC, solution demonstrates low intensity of
scattered light. At CMC, sharp increase in the
scattered intensity/ kcps was observed. The CMC
was calculated with extrapolation of the intensity-
concentration curve (27).

(CMC)

Preparation of gels and silibinin loading

The cold method as reported by Soga et a/ (28) was
used for gel preparation from PolyGel™ and
Pluronic® solutions in Tris buffer. Different
amounts of polymers were added to 10 mL Tris
buffer (pH=7.4) in flat-bottomed screw-capped
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glass vial and mixed for 24 hs at 4° C until a clear
solution was obtained. Defined amounts of silibinin
was added to clear solution of polymers and mixed
with magnetic stirrer for 8 h at 4° C (silibinin is
stable at low temperatures).
Determination of the sol-gel transition
temperature by tube inversion method

Different amounts of PolyGel™ and Pluronic® were
dissolved in Tris-buffer (pH=7.4) and immersed in
water bath. The temperature of water bath was
increased by 1°C every 5 min from 25°C to 60°C.
The phase transition was evaluated by inverting the
tube. The temperature, at which the polymer
solution did not show any flow for 1 min, was
recorded as sol-gel transition temperature.

Sol-gel transition temperature by modulated
differential scanning calorimetry (MDSC)
Aqueous solutions of Pluronic® F-127 and
PolyGel™ at different concentrations were prepared
in Tris buffer (pH=7.4). Defined amount of each
sample was hermetically sealed in an aluminum
pan. Thermal analysis was done with a Q Series ™
2000 modulated differential scanning calorimeter.
Samples were first heated to 60° C and kept at this
temperature for 5 min to remove their thermal
history. Then the temperature was reduced to 0° C
at a rate of 5° C/min. Samples were kept at this
temperature for 5 min and temperature was
increased to 60° C at the same rate. Modulated
mode was applied with an amplitude of + 0.5°C in
60 s and a ramping of 1°C per min. All experiments
were performed under nitrogen gas using a pan
filled with water as reference.

In vitro release studies

Drug release profiles for silibinin loaded in
Pluronic® F-127 gel (at 27 % w/w) and PolyGel™
(at 15 % w/w) at silibinin concentration of 50
ng/mL were studied using dialysis method. Free
silibinin dissolved in Tris buffer at the same
concentration was used as control. For this, 1 mL
solution of drug loaded gel or free drug was placed
in a pre-swollen dialysis bag of 12000-14000 Da,
molecular weight cutoff (Spectra/Por dialysis
membrane; spectrum Lab, Canada) and immersed
into 10 mL of Tris-buffer (pH=7.4) containing 0.1%
tween 80 (w/v) as release medium. A flat-bottomed
glass vial containing the dialysis bag and the release
medium was shaken in a thermostatic shaker at 37°

C at 50 rpm. Samples were taken at predetermined
time interval over 24 h from the release media.
Concentration of released silibinin was determined
by HPLC with C18 column (Waters; WAT027324)
(29) wusing UV detector at 288 nm and
methanol/water (80/20) as mobile phase at a flow
rate of 1 mL/min. The difference in the in vitro
release profiles was assessed by calculating the
similarity factor, f, according to the following

equation (30):
n
1
1+ —Z(RL- —T;)?
n .
i=1

Ri and Ti represent the percent released at time i
from the formulations, labeled as reference (R) and
tested (T). Two release profiles were considered to
be equivalent when their f, value was within the
range of 50-100.

-0.5

f> =50 xlog x 100

Ex vivo and retention
experiment

Franz diffusion cells with diffusion area of 2.7 cm?
were used for this experiment. The mouse skin was
mounted between donor and receiver compartments
with stratum corneum facing the donor phase. 2 mL
of silibinin loaded hydrogel (50 pg/mL) and
silibinin in Tris buffer (50 pg/mL) were applied on
the donor side of the skin. Receiver compartment
was filled with 12 mL of phosphate buffer (pH=
7.0). Temperature was set at 32 °C. Samples were
taken at 0.5, 1, 2, 3, 4, 5, 6, 24, 48 h from the donor
side and analyzed by HPLC.

DSC of skin after PolyGel™ treatment
Thermogram of skin after 28 h treatment with
hydrogels (without drug) in comparison to skin
without any treatment were recorded using DSC.
Samples were heated from 0 to 50°C and held for 5
min, then cooled back to 0° C and again heated to
120°C at 5°C/min rate. An empty pan was used as
reference.

skin permeation

STATISTICAL ANALYSIS

Data were presented as the mean of three
experiments and compared by one way analysis of
variances (ANOVA), followed by Tukey's post hoc
tests. P-value < 0.05 was accepted as the level of
significance. Data analysis was done with Microsoft
Excel and Minitab 16. P < 0.05 is denoted by * and
p<0.01 is denoted by ** in the figures.
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RESULTS

The cell growth inhibitory effects of silibinin in
B16-F10 melanoma cells
We first evaluated the anticancer effects of silibinin
on melanoma cells, in vitro. As it has been shown in
Figure 1A, silibinin inhibited the growth of B16-
F10 melanoma cell line with an average ICso of 67
uM. To assess the anti-proliferative effect of
silibinin on melanoma cells, the cells were
subjected to clonogenic assay after 24 h incubation
with three different concentrations of silibinin. The
images of clonogenic assay shown in Figure 1B,
indicate a significant decrease in the number of
colonies following treatment with silibinin.
Annexin V/PI analysis of the B16-F10 cells treated
with silibinin at 150 pM concentration for 48 hs
revealed more than % 50 increase in the number of
late apoptotic Annexin V*/ PI * cells (Figure 1C).
The anti-proliferative activity of silibinin was
associated with an increase in the fraction of cells in
the sub Go;i phase determined by PI staining. As it
is shown in Figure 1D, the fraction of cell in sub
Gon phase increased from 1.7% in untreated cells to
29.7% in the cells treated with silibinin for 48h.
Previous studies have shown that combination
of silibinin with chemotherapeutic agents results in
enhanced anticancer effects in different types of
human malignancies (31). Here, B16-F10 cells were
treated with silibinin and/or doxorubicin. As it has
been summarized in Figure 1E, treatment of B16-
F10 cells with doxorubicin (18 nM) in combination
with silibinin (125 pM) resulted in a significant
decrease in cell viability as compared with the cells
treated with either silibinin or doxorubicin alone.
The percentage of viable cells decreased from 36%
in the cells treated with doxorubicin alone to 9% in
the cells treated with doxorubicin in combination
with silibinin for 48 hours. CI for silibinin and
doxorubicin combinational therapy was found to be
1 which indicates that these two compounds induce
an additive cytotoxic effect in B16 melanoma cells.

Suppressive effects of silibinin on key oncogenic
proteins in B16-F10 melanoma cells

STAT3, ERK, and Akt are found constitutively
active in many melanoma cell lines and primary
tumors promoting tumor progression through
induction of cell proliferation and prevention of cell
apoptosis (32-35). In an attempt to find out the

molecular targets of silibinin in B16-F10 melanoma
cells and study the mechanism by which this agent
exerts its anticancer effects, we measured changes
in the level of active (phosphorylated) form of
STAT3, ERK, and Akt as well as their un-
phosphorylated form following treatment with
silibinin. As illustrated in Figure 2A, treatment of
B16-F10 with silibinin at varying concentrations
resulted in a significant decrease in phospho-
STAT3 (pSTAT3), phospho-Akt (pAkt) and
phospho-ERK (pERK), all of which are known to
be important onco-proteins promoting cell growth
and survival. The decrease in the activity of these
survival pathways was correlated with the
suppression of Bcl2, an important anti-apoptotic
protein. Silibinin also suppressed Src which is
known to be an important oncogenic protein in
various human malignancies including melanoma
(36-39). The induction of apoptosis in B16-F10
melanoma cells was also supported by an increase
in the level of cleaved caspease 3 and cleaved
PARP, 48 h following treatment with silibinin.

To determine whether suppression of STAT3
and ERK pathways contribute to the growth
inhibitory effects of silibinin in B16-F10 melanoma
cells, B16-F10 cells were transfected with either
STAT3C (a constitutive active form of STAT3) or
CA-MEK (a constitutive active form of ERK) 24 hs
prior to treatment with silibinin. Western blot
analysis showed the activation of STAT3 and ERK
in the cells transfected with the corresponding
construct during the study period (supplementary
data Figure S1). As it has been shown in Figure 2B,
constitutive activation of STAT3 (using STAT3C)
in B16-F10 cells treated with silibinin at two
different concentrations resulted in a statistically
significant increase in cell viability as compared to
the control group transfected with the empty
vehicle. Likewise, transfection of B16-F10 cell with
CA-MEK prior to treatment with silibinin
significantly increased cell viability in test group as
compared to the cells transfected with empty
vehicle (Figure 2C).

We also performed a clonogenic assay to
confirm STAT3-mediated suppressive effects of
silibinin on growth and proliferative activity of
B16-F10 cells. B16-F10 cells were transfected with
either empty vector or STAT3C then they were
treated with silibinin at the concentration of 25 pM.
After 24 hs, cells were collected and subjected to
the clonogenic assay. As it has been shown in
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Figure 1. The effects of silibinin against B16-F10 melanoma cells.
A. Dose-response curve for the growth inhibitory effects of silibinin measured by MTT assay.

B. The anti-proliferative effects of silibinin assessed by clonogenic assay.

C. Induction of apoptosis by silibinin assessed using Annexin V/PI staining.

D. Cell cycle analysis performed using PI staining.

E. Cytotoxic effects of silibinin (125 uM) and doxorubicin (18 nM) combinational therapy measured by
MTT assay.

The control is the cells treated with 2% DMSO; Values represent a mean of three experiments +
standard deviation.
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Figure 2. The effects of silibinin on oncogenic pathways in B16-F10 melanoma cells.

A. Western blot analysis of lysate from the cells treated with silibinin.

B. Growth inhibitory effects of silibinin in the cells transfected with STAT3C.

C. The effects of hyperactivate ERK (CA-MEK) on growth inhibitory effects of silibinin.

D. Anti-proliferative effects of silibinin in the cells transfected with wither STAT3C or CA-

MEK, assessed with clonogenic assay.

The cells were transfected with either STAT3C or CA-MEK, incubated for 24 hs, and then they
were treated with silibinin at different concentrations. After 24 hs incubation, the cell viability
was assessed by MTT. Cells were also subjected to clonogenic assay (D). These results are

representative of three independent experiments.
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Figure 2D, we found a significant increase in the
number of colonies in cells transfected with
STAT3C prior to treatment with silibinin as
compared to the control group which received
vehicle only (p<0.05).

Preparation and Characterization of polymers
under study

The PBCL-b-PEG-b-PBCL block copolymer was
synthesized and characterized as reported
previously by 'H NMR (21). Briefly, considering a
molecular weight of 1450 Da for PEG (degree of
polymerization, DP, of 33 for ethylene glycol) the
related peak at 3.6 ppm was used as a reference
peak. The DP of PBCL block was calculated based
on the ratio of the peak at 3.6 to that at 4.1 ppm
(related to the methylene group of PBCL block (O-
CH3-)). The calculated M, of the initial PBCL-b-
PEG-b-PBCL product was 5200 Da.

The percentage of debenzylation in the final
product, i.e., PCBCL-b-PEG-b-PCBCL, was
calculated using the ratio of the integration of the
peak at 5.2 ppm related to the methylene group of
the benzyl substituent, to the integration of the
methylene group of PCL backbone (O-CH>-) at 4.1
ppm. The '"H NMR of the final product exhibited
32% debenzylation or reduction of PBCL units. The
M, of PCBCL-b-PEG-b-PCBCL was 4700 Da.

The CMCs of PCBCL-b-PEG-h-PCBCL and
Pluronic® F-127 as measured by DLS were 2.15 +
0.15 and 840 + 70 pg/mL, respectively. These CMC
values exhibit higher thermodynamic stability of
PCBCL-b-PEG-b-PCBCL compared to Pluronic®
F-127 micelles (Figure 3).

Thermoresponsive transition of polymers in Tris
buffer (pH 7.4)

Sol-gel transition temperatures of the polymers
under study were measured by two methods;
inverse flow method and MDSC. Table 1 shows the
data obtained by the inverse flow method. The
PolyGel™ prepared at 15 and 20 w/w %
concentration transformed to gel at 34 and 34.5°C,
respectively (Table 1). This observation was similar
to what reported by our group before (21). On the
other hand, Pluronic® F-127 made gel at 39 and
29.5°C, at concentrations as high as 25 and 27 w/w
% of the polymer, respectively. An inverse
relationship was seen between  Pluronic®
concentration and its sol-gel transition temperature,
above 25 % w/w, as reported by previous studies

(40, 41). Under current experimental conditions, gel
formation for Pluronic® F-127 was not observed at
22 % w/w and below.

The sol-gel transition temperatures were
obtained by MDSC for both polymers, as well.
PolyGel™ solution (15 w/w %) showed a peak at
around 34.6£0.6° C which indicates sol-gel
transition temperature (Support Data, Figure S2).
This temperature is close to sol-gel temperature that
is measured by inverse flow method. The sol-gel
transition temperature for Pluronic® F-127 appeared
at 16.3 = 0.7 C (n=3), which is in agreement with
previous reports (40, 41), but lower than sol-gel
transition temperatures that was obtained by inverse
tube method, here.

Silibinin loading and release from PolyGel™
and Pluronic F 127 hydrogel

Silibinin loading efficiency in PolyGel™ and
Pluronic® F-127 was 65.3 £2.77 and 90.4 +
6.18 %, respectively (n=3). Figure 4A shows
the percentage of silibinin released from
PolyGel™ (15%) and Pluronic® F-127 (27%)
at 37 °C in comparison with silibinin dissolved
in Tris buffer as a control. At these
concentrations, the sol-gel transition
temperatures for Pluronic® F-127 and
PolyGel™ are around 27 and 34 °C,
respectively (Table I). Therefore, at 37 °C, both
materials are expected to be in gel form, and
that was the reason for the choice of this
temperature in the release study. After 24 h, 98
and 86 % of silibinin, loaded in PolyGel™ and Pluronic®
F-127 gel released, respectively.

PolyGel CMC= 2.15 £0.15 pg/mL

# Pluronic F-127 CMC 840 £ 72.0 mg/mL

Intensity (KCPS)

I
"00
.

0.1 1 10 100 1000 10000

Log concentration (mg/mL)

.Figure 3. Scattered light intensity (Kcps) as a function
of polymer concentration (ng/mL) in Tris buffer (pH 7.4)
for determination of CMC in Pluronic® F-127 and
PolyGel™ (or PCBCL-b-PEG-b-PCBCL) block
copolymers.
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Both polymers significantly decreased release rate
of silibinin in comparison to control in which 97%
of silibinin passed the membrane at the same time
point. The drug release pattern for both hydrogels
was similar (f> value of 52.76), but different from
that of free drug (f, values of 4.57 and 9.09 for
Pluronic F-127 and PolyGel™, respectively). Both
hydrogels retarded drug release by 50-60% at 6h.
Drug release data were fitted on different kinetic
models (Table 2). The best fit between release
profiles of both hydrogels and kinetic models was
provided by first order equation (R?>0.998).

Skin permeation study

The permeation studies of silibinin through full-
thickness mouse skin were done after applying 50
ug/mL silibinin-loaded in PolyGel™ (15%) or in
Pluronic® F-127 (27%) hydrogels and silibinin
dissolved in Tris buffer as control. The
concentration of silibinin in receptor was measured
by HPLC method as mentioned above. The skin
permeation test is conducted at 32 °C to mimic in
vivo conditions. As it is shown in Figure 4B a lag
time of about 4-5 h was obtained for silibinin
loaded in both hydrogels. After this period a
constant flux of 0.80+£0.087 and 0.25+ 0.02ug.cm’
*h! for silibinin loaded in PolyGel™ and Pluronic®
F-127 formulations were observed.

Silibnin permeation parameters through mouse
skin is summarized in Table 3. The results indicate
that silibinin loaded in PolyGel™ provided
approximately 3 folds flux, percentage of silibinin
permeated after 28 h and drug concentration in the
skin in comparison to Pluronic® F-127 formulation.
At 32 °C, Pluronic® F-127 (27 % w/w) should be in
gel form, while PolyGel™ formulation (15 % w/w)
should be composed of micelles in sol form. This
may partly account for higher skin permeation of
silibinin in PolyGel™ compared to Pluronic® F-127
formulation, under study conditions (Fig 4B).
However, the rapid release of silibinin from
PolyGel™ in the study cannot explain the slightly
higher permeation and flux of this formulation in
comparison to free drug (Table 3). For this reason,
an interaction with PolyGel™ in sol form and skin
was suspected, which was tested in further studies.

DSC was used for the treated skins with
PolyGel™ and Pluronic® F-127 to test this
hypothesis. Results are illustrated in Table 4.
Thermogram of untreated skin showed one
transition around 78° C that was attributed to lipid
structure in the skin. This peak is appeared due to
melting of stratum corneum lipid (42). PolyGel™
significantly decreased this temperature and the
enthalpy of this transition (Support data, Figure S3).

Table 1. Sol-gel transition temperatures of gel forming polymers under study at different concentrations, defined by

inverse flow method.

Pluronic® F-127

PolyGel™

Concentration (%)  Sol-gel transition temperature ¢C)

18 No gel formation (25-60°C)
20 No gel formation (25-60°C)
22 No gel formation (25-60°C)
25 39+0.2

27 26.7+ 0.8

Concentration (%)  Sol-gel transition temperature ¢ C)
7.5% No gel formation (25-60°C)
15% 34+0.5
20% 34.5£0.3°C

Table 2. Assessment of the kinetic model for the release of silibinin from PolyGel™.

RSQ Slope intercept MPE%
Zero 0.8682 0.0271 0.1352 795.7914
first 0.9810 -0.0772 -0.0435 566.5597
Higuchi 0.9340 0.1938 -0.1178 392.8415
pepas 0.7366 1.3500 -4.1455 142.9365
Hixon 0.9546 0.0174 0.0325 702.0215
Second root of mass 0.9367 0.0219 0.0566 740.9179
3/2 root of mass 0.9161 0.0246 0.0826 767.4835
weibul 0.8276 1.6581 -4.2940 80.2996
Linear Wagner 0.7448 0.0996 -1.5066 396.8242
Log Wagner 0.9463 1.1177 -2.3494 57.6171
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Figure 4. The release profile and skin permeation of silibinin loaded in PolyGel™ (15%) and Pluronic® F-127 (27%) .
A. The release profile of silibinin from hydrogel formulations in Tris-buffer (pH=7.4) containing 0.1% tween 80 (w/v)

B. Mouse skin transport of silibinin loaded in Pluronic® F-127 and PolyGelTM. Phosphate buffer (pH= 7.0) was used in

the Receiver compartment

Error bars show standard deviations for three independent studies

This effect was not observed for the skin treated
with Pluronic® F-127.

The effect of formulation on the cytotoxicity and
Stat-3 inhibitory activity of silibinin

Figure 5A and 5B depicts the effect of silibinin
hydrogel formulations on the level of pSTAT3 in
melanoma B16-F10 cells. The treatment of B16-
F10 cells with silibinin loaded in Pluronic® F-127 at
10 uM resulted in 50% reduction in the percentage
of pSTAT3+ cells as compared with untreated
group. Silibinin (10 uM) loaded in PolyGel™
reduced the percentage of pSTAT3+ cells from
50% (untreated cells) to 34%. We did not observe
statistically significant differences in the percentage
of pSTAT3" cells between untreated cells and the
cells treated with silibinin loaded in Pluronic® F-
127 or PolyGel™ at 5 uM. Pluronic® F-127 and
PolyGel™ formulations of silibinin potently
inhibited the growth of B16-F10 cells with average
1Cs0 s of 32 and 30 uM, respectively (Figure 5 C).

DISCUSSION

In this study, silibinin was found to significantly
suppresses key oncogenic pathways (i.e STAT3 and
ERK) and induce apoptosis in B16-F10 melanoma
cells. Thermoresponsive hydrogel formulations
were also developed from Pluronic® F-127 and
PCBCL-b-PEG-b-PCBCL copolymer (PolyGel™)
and evaluated for delivery of silibinin, in vitro. Our
findings show PolyGel™ formulation of silibinin
may offer a promising formulation for the treatment
of malignant melanoma via local administration.
Silibinin potently inhibited the growth of B16
melanoma cells and induced apoptosis. These
observations are in line with the results of previous
studies showing silibinin induces growth inhibitory
effects and apoptosis in various cancer cell lines
(43, 44). Consistent with previous studies, we also
found silibinin to significantly enhance the
cytotoxic effects of doxorubicin in B16 melanoma
cells (31). Correlating with our findings on the
anticancer effects of silibinin in B16 melanoma
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cells, silibinin suppressed the activation of three
important oncogenic pathways including STAT3,
ERK and Akt. Previous studies have provided
compelling evidence that STAT3, ERK, and Akt
confer survival and proliferative advantages to
melanoma cells (35, 45, 46). We observed a
significant reduction in the growth inhibitory effects
of silibinin in B16 cells transfected with the
constitutively active forms of STAT3 or ERK.
Suppression of these two pathways by silibinin
might be the possible mechanisms by which
silibinin inhibits growth and induces apoptosis in
B16 melanoma cells. In support of this notion, Lee
MH et al have recently reported direct binding of
silibinin to MEK 1/2 and RSK2 resulting in reduced
activation of NF-kB, activator protein-1, and
STAT3 in human melanoma cell lines (43). We also
observed a significant reduction in the level Bcl-2
protein, an anti-apoptotic protein, following
treatment of the B16-F10 cell with silibinin. The
suppression of Bcl-2 was correlated with an
increase in the level of cleaved caspase 3 which is
the main effector molecule in cellular apoptosis.
Elevated level of cleaved caspase3 suggests
suppression of anti-apoptotic proteins (i.e, Bcl-2)
might be the mechanism by which silibinin
enhances the cytotoxic effects of doxorubicin when
given in combination. Suppression of Bcl-2 level is
one of the important strategies used to enhance the
activity of chemotherapy (47, 48).

Suppressive effects of silibinin on STAT3 pathway
has been well documented in the literature (16).
Constitutively active STAT3 is found in about 70 %
of human cancers and play a major role in cancer
progression through modulation of the genes which
regulate cancer cell growth, apoptosis, metastasis,
angiogenesis, and tumor induced
immunosuppression (18). A growing number of
studies show that suppression of STAT3 in tumor
not only induces potent direct cytotoxic effects, but
exerts bystander effects through activation of anti-
tumor immune responses (49). Therefore,
suppression of STAT3 in a primary tumor locally
can result in systemic anticancer effects through the
activation of anti-tumor immune effector cells.
Silibinin is a non-toxic compound and several
publications have reported the safe administration
of relatively high doses of silibinin in patients (7, 8,
20, 50, 51). The excellent safely profile of silibinin
and its potent inhibitory effects on key oncogenic
pathways such as STAT3 makes this compound a
very attractive anticancer agent for treatment of
STAT3 hyperactive cancers, including malignant
melanoma. Nevertheless, the application of silibinin
in cancer patients is hampered by its low water
solubility and poor bioavailability. Development of
appropriate drug formulations for silibinin is an
unmet need for clinical application of this
compound in cancer patients.

Table 3. Silibinin permeation parameters through mouse skin (n=3)

Treatment Cumulative silibinin% Steady state permeation  silibinin concentration in skin + SD
permeated in 28 h+ SD flux = SD (Jss) (ng/cm?)
(ug/cm?. h)
silibinin in Tris buffer 29.1£2.53 0.44+0.062 8.11+0. 86
silibinin in PolyGel™ 34.17+3.17 0.80+0.087 8.61+0. 72
silibinin in Pluronic® F-127 11.82+1.94 0.254+0.02 2.93+0.26

Table 4. Transition temperature and enthalpy of untreated and hydrogel treated skin (n=3)

Skin Treatment

Transition temperature + SD (°C)

Transition enthalpy = SD( J/g)

Untreated 78.3+£5.33
PolyGel™ 64.1£3.28
Pluronic® F-127 80.14+3.55

5.01+£0.45
0.75+0.08
3.934+0.42
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Figure 5. The effects of silibinin formulations on B16-F10 cells
A, B. Suppressive effects of hydrogels of silibinin on pSTAT3 level determined by flow cytometry.
C. Growth inhibitory effects of silibinin hydrogel formulations assessed by MTT

Here, we report on the development of a novel
formulation for local delivery of silibinin. The
developed formulation (PolyGel™) which was
based on self-associating triblock copolymers of
PEG and functionalized PCL, showed better
thermodynamic stability over a commercially
available triblock copolymer of PEG and
poly(propylene glycol), i.e., Pluronic® F-127. This
was indicated by significantly lower CMC (2.15 £
0.15 vs 840 + 70 pg/mL) of PolyGel™ polymers
versus Pluronic® F-127. PolyGel™ incorporated a

relatively high amount of silibinin, formed gel upon
incubation at temperatures slightly below
physiological temperature (34 °C), and significantly
retarded the release of incorporated drug under
physiological conditions. The pattern of silibinin
release from PolyGel™ fitted first- order release
kinetics, which means that drug release was
controlled by diffusion through hydrogel.
Diffusion-controlled, = swelling-controlled  and
chemical-controlled models are used to describe the
release of drugs from hydrogels (52). Diffusion-
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controlled model for silibinin release from both
hydrogels indicates that the diffusion of silibinin is
slower than hydrogel swelling. Therefore, rate
limiting step for drug release is drug diffusion. This
finding is in accordance with hydrophobic property
of silibinin and its low solubility in two hydrogels
under study. This release pattern demonstrates that
drug is uniformly dissolved or dispersed in
hydrogel matrix. In this system, non-constant rate
drug release is the result of the increasing
diffusional resistance and decreasing area at the
penetrating diffusion front.

The results of permeation studies of silibinin
through full-thickness mouse skin indicates that
PolyGel™ loaded with silibinin  provided
approximately 3 folds flux of silibinin after 28 h in
the skin in comparison with Pluronic® F 127. Flux
of silibinin through skin from PolyGel™ was higher
than that of control drug dissolved in Tris buffer.
This may be partly attributed to the physical state of
PolyGel™ in sol form compared to Pluronic® F-
127, which was a gel, under the conditions of the
skin permeation study. We also suspected a change
in the structure of skin by PolyGel™ to have
contributed to slightly higher permeation of
silibinin from PolyGel compared to free drug skin
permeation. The relatively high flux of drug from
mouse skin shows that the developed PolyGel™
formulation might be useful for topical delivery of
this drug through skin in cancer treatment.

We also observed PolyGel™ to significantly
decrease the temperature and enthalpy of the mouse
skin transition. This effect was not observed for
Pluronic® F-127. The intercellular lipids of the
stratum corneum have been considered a major
component of the skin barrier function (53). The
intercellular lipids in the stratum corneum arrange
in highly ordered lamella with a non-polar mixture
that can arrange into bilayers (54). Ceramids and
lipids in stratum corneum have a cylindrical
molecular shape and they are able to form lamellar
gel crystalline phase. Gel crystalline phases are less
permeable than liquid crystalline phases (55). It
seems that PolyGel™ induced more fluidity in lipid
structure and because of that decreased skin
resistance  against silibinin permeation and
penetration through the skin. This effect may partly
be responsible for higher drug flux for silibinin
formulation in PolyGel™ in comparison with
Pluronic® and control (free drug). PolyGel™
decreased lipid integrity and increased silibinin

diffusion through mouse skin that resulted in higher
drug concentration in the skin. On the other hand,
the control group which used tris buffer as its
vehicle provided comparable silibinin concentration
in the skin to that for PolyGel™, but lower flux.
This could be due to skin hydration by the control.

Silibinin loaded in PolyGel™ was found to
preserve its functional activity, which was indicated
by effective inhibition of cell growth and STAT3
activity by PolyGel™ formulation of silibinin as
compared with free drug. Compared to free
silibinin, PolyGel™ formulation of silibinin was
found to have lower ICso in B16 melanoma cells.
The reason for this observation might be the ability
of PolyGel™ formulation in providing a drug depot
in the proximity of the cells and also increasing the
permeability of the cell membrane leading to higher
concentration of silibinin inside the cells as
compared to free drug. PolyGel™ formulation of
silibinin also suppressed the level of pSTAT3 in
B16 melanoma cells. Given the role of STAT3 in
the induction of immunosuppression in cancer
patients, in situ delivery of a STAT3 inhibitor (i.e
silibinin) in tumor is expected to result in systemic
anticancer effects through activation of cytotoxic T
cells specific for cancer cells. In support of this
notion, we have previously reported the activation
of antitumor effector cells following intratumoral
administration STAT3 inhibitory molecules (56).

In conclusion, the data presented in this paper
show that silibinin potently inhibit the growth of
B16 melanoma cells through the suppression of key
growth and survival pathways (i.e ERK and
STAT3). We also developed a PCBCL-b-PEG-b-
PCBCL based formulation of silibinin (PolyGel™)
which formed thermoresponsive hydrogel at 15%
concentration, demonstrated sol-gel transition
temperature of 34-35° C, and provided slower
release of silibinin under physiological conditions.
PolyGel™ formulations of silibinin, potently
inhibited the growth of B16-F10 melanoma cells
and suppressed pSTATS3 level in these cells, which
indicate that the developed formulation can provide
the delivery of functional drug to cancer cells. Our
in vitro and ex vivo findings suggest the promise of
PolyGel™ formulation of silibinin for its topical
delivery as a useful strategy in the treatment of
malignant melanoma. In future studies, this
formulation may also be considered as a gel-
forming degradable subcutaneous depot for
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sustained silibinin delivery in the vicinity of
malignant melanoma lesions.
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