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Introduction
Silibinin is a flavanone with very low toxicity and is 
the main substance of silymarin. Silibinin is extracted 
from Silybum marianum seeds.1,2 This compound is a 
combination of two diastereomers: Silybin A and Silybin 
B (Fig. 1) in equal amounts.3 As silibinin has poor water 
solubility and high permeability, it is classified as class II 
drug in Biopharmaceutics Classification System (BCS).4

Silibinin is an antioxidant with significant 
hepatoprotective effects. Silibinin increases the activity 

and concentration of superoxide dismutase, peroxidase, 
and glutathione, which all scavenge the free radicals 
released by hepatocytes.6,7 Furthermore, an increasing 
number of in vitro and in vivo studies have shown the 
remarkable anticancer effects of silibinin. The antitumor 
effects of silibinin have been reported in various types 
of cancers including prostate, kidney, bladder, colon, 
skin, and breast cancers.1 Induction of apoptosis and cell 
cycle arrest in cancer cells are the known mechanisms for 
the anticancer effects of silibinin. Furthermore, studies 
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Abstract
Introduction: Silibinin is a naturally 
occurring compound with known 
positive impacts on prevention and 
treatment of many types of human 
illnesses in general and cancer in 
particular. Silibinin is poorly water 
soluble which results in its insufficient 
bioavailability and lack of therapeutic 
efficacy in cancer. Here, we proposed to examine the potential of micelles composed of 
poly(ethylene glycol) (PEG) as the hydrophilic block and poly(ε-caprolactone) (PCL), poly(α-
benzylcarboxylate-ε-caprolactone) (PBCL), or poly(lactide)-(PBCL) (PLA-PBCL) as hydrophobic 
blocks for enhancing the water solubility of silibinin and its targeted delivery to tumor.
Methods: Co-solvent evaporation method was used to incorporate silibinin into PEG-PCL based 
micelles. Drug release profiles were assessed using dialysis bag method. MTT assay also was used 
to analyze functional activity of drug delivery in B16 melanoma cells.
Results: Silibinin encapsulated micelles were shown to be less than 60 nm in size. Among different 
structures under study, the one with PEG-PBCL could incorporate silibinin with the highest 
encapsulation efficiency being 95.5%, on average. PEG-PBCL micelles could solubilize 1 mg 
silibinin in 1 mL water while the soluble amount of silibinin was found to be 0.092 mg/mL in 
the absence of polymeric micelles. PEG-PBCL micelles provided the sustained release of silibinin 
indicated with less than 30% release of silibinin within 24 hours. Silibinin encapsulated in PEG-
PBCL micelles resulted in growth inhibitory effect in B16 cancer cells which was significantly 
higher than what observed with free drug.
Conclusion: Our findings showed that PEG-PBCL micellar nanocarriers can be a useful vehicle for 
solubilization and targeted delivery of silibinin.
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shown that the pharmacokinetics and biodistribution 
of cyclosporine A is significantly improved by the 
encapsulation of this drug in PEG-PCL micelles27,28 Thus, 
drugs delivered using PEG-PCL with different blocks 
have improved pharmacokinetics and pharmacological 
properties of encapsulated drugs including prolonged 
circulation, reduced distribution in normal organs, and 
enhanced tumor delivery.21,25,27,29,30 PEG-PCL copolymer 
has also been studied for tumor-targeted delivery of 
several chemotherapeutic drugs. Here, we assessed the 
potential of micelles made with PEG-PCL copolymer 
with and without a benzylcarboxylate side chain for the 
solubilization and delivery of silibinin. The anticancer 
effects of the developed micelles were evaluated in B16 
melanoma cells.

Materials and Methods
Materials
Methoxy polyethylene glycol (Me PEG) with the average 
molecular weight of 5000 g.mol-1 and di-isopropyl amine 
(99%) were purchased from Sigma (St. Louis, MO, 
USA). ε-Caprolactone (CL) was supplied from Lancaster 
Synthesis (UK). α-Benzylcarboxylate-ε-caprolactone 
(BCL) was made by Alberta Research Chemicals Inc. 
(ARCI, Edmonton, AB, Canada). Stannous octoate 
was obtained from MP Biomedicals Inc. (Germany). 
Tetrahydrofuran (THF) was from Caledon chemicals 
(Caledon, Canada). Deionized distilled water was used in 
all steps of experiment and it was provided from Shahid 
Ghazi Pharmaceutical Company (Tabriz, Iran). MTT 
reagent and silibinin were products of Sigma (St. Louis, 
MO, USA). Methanol, mannitol, dimethyl sulfoxide 
(DMSO) and all salts used for buffers preparation were 
from Merck (Germany). The murine B16 melanoma cell 
line was acquired from Pasteur Institute (Tehran, Iran). 
RPMI-1640 culture medium and fetal bovine serum (FBS) 
were from Gibco (Thermo Fisher Scientific, Waltham, 
MA, USA). The experiments were carried out using class 
II biological safety cabinet (JAL TAJHIZ, JTLVC2, Karaj, 
Iran).

Preparation and characterization of polymers 
Poly(ethylene glycol)-block-poly(ε-caprolactone) 
(PEG5000-PCL5200), poly(ethylene glycol)-block-

have shown that silibinin suppresses tumor progression 
through inhibition of angiogenesis and metastasis.8 
Despite the well-known anticancer effects of silibinin, this 
poorly water soluble compound has not been moved to 
clinic for cancer treatment due to its low bioavailability.9 
One of the successful strategies used for solubilization and 
tumor-targeted delivery of poorly water soluble anticancer 
agents is the use of polymeric nanocarriers.10

Nano-sized micelles are a broadly used type of vehicles 
for tumor-targeted delivery of antineoplastic agents. Co-
polymeric micelles are made from amphiphilic polymers 
through self-assembling mechanism in aqueous solutions 
where the nonpolar tail of the amphiphilic polymer faces 
the core and its polar head faces out.11 Solubilization 
of poorly water soluble drugs by polymeric micelles is 
achieved by incorporation of the drug in the hydrophobic 
core of micelles.12 Several studies have previously reported 
that polymeric micelles can significantly enhance the 
water solubility of poorly water soluble drugs.10,13,14 The 
size range of micelles is 20-200 nm. Polymeric micelles 
can provide passive targeting of the loaded drug to 
tumor by enhanced permeability and retention (EPR) 
effect.15,16 The EPR effect is instigated in tumor because 
the tumor vasculature is leaky in tumor site and the 
lymphatic system within tumor is defective. Micelles 
of 20-200 nm loaded with anticancer drugs enter the 
tumor environment through the high permeable vessels 
and they get trapped inside the tumor due to the defects 
in tumor lymphatic system. EPR effect leads to the 
accumulation of drug-loaded micelles in tumor, which 
can provide a high concentration of anticancer drug in 
tumor microenvironment.17 Despite extensive published 
work on the application of micellar nanocarriers for the 
delivery of hydrophobic drugs, to date, there are only a 
few micellar formulations available for clinical use.18 
The key for successful micellar formulation is to find an 
appropriate drug-polymer combination, which can keep 
its integrity in biological milieu and provide an acceptable 
drug release profile.19

Poly(ethylene glycol)-poly(ε-caprolactone) (PEG-
PCL) is a biocompatible copolymer. Several publications 
have reported the successful application of nanocarriers 
constructed from the PEG-PCL based polymers for the 
delivery of hydrophobic drugs.13,20-26 Previous studies have 

(A) (B)

Fig. 1. Chemical structure of silybin A and B (adopted from Lee et al5).
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poly(α-benzylcarboxylate-ε-caprolactone) (PEG5000-
PBCL4000), and poly(ethylene glycol)-block-poly(lactic 
acid)-block-poly(α-benzylcarboxylate-ε-caprolactone) 
(PEG-PLA3000-PBCL2500) were prepared as reported 
previously.14,31,32 The synthesis of PEG-PCL and PEG-
PBCL polymers was conducted by ring opening 
polymerization of CL and BCL, respectively. Me PEG 
served as an initiator and stannous octoate function as 
a catalyst in this reaction. Briefly, a 10 mL ampoule was 
loaded with Me PEG, CL or BCL and stannous octoate, 
then it was nitrogen purged and sealed under vacuum. 
The ampoule containing the reaction mixture was placed 
in a preheated oven (140°C) for 4 hours. To synthesize 
PEG-PLA-PBCL, first PEG-PLA diblock copolymer was 
synthesized by ring opening polymerization of lactide, 
using Me PEG and stannous octoate in an ampoule. The 
reaction mixture incubated at 160°C for 7 hours. Triblock 
copolymers of PEG-PLA-PBCL were synthesized by ring 
opening polymerization of BCL in an 8.5 hours reaction 
at 142°C with PEG-PLA in the presence of a catalyst 
(i.e. stannous octoate). The 1H NMR spectrum of the 
synthesized polymers in CDCl3 at 600 MHz was acquired 
by a Bruker Avance III spectrometer (Bruker BioSpin 
Corporation, Bil-lerica, MA) and used to determine the 
number-average molecular weight of the polymers.

Preparation and characterization of micellar formulations 
of silibinin
Silibinin was loaded in polymeric micelles by co-solvent 
evaporation method.10 Briefly, 30 mg of polymer and 1 
mg of silibinin powder were dissolved in 0.5 mL and 2 
mL THF, respectively. Then, two solutions of drug and 
polymer were mixed. The mixture of drug and polymer in 
2.5 mL THF was added to 7.5 mL of 1% mannitol solution 
in a drop-wise manner. Mannitol solution was used for 
its effects on preventing polymer aggregation during the 
freeze drying.33 After 24 hours of stirring at 23 ×g in room 
tempreture (23-25°C) with magnetic stirrer (Heidolph, 
MR Hei-Tec, Schwabach, Germany), vacum was applied 
to remove the residual THF. The aqueous solution of 
micellar formulation was centrifuged (centrifuge Sigma, 
2-16KL, Osterode am Harz, Germany) at 4000 ×g for 10 
minutes to separate all sediments containing unassembled 
polymers and  free silibinin. In this step, we prepared 7.5 
mL of 1% mannitol solution containing micelles loaded 
with silibinin. This solution was then aliquoted into 1 mL 
microtubes (each containg 0.5 mL of the micellar solution). 
The aliquots of micellar solution were then freezed by 
dipping in liquid nitrogen for few seconds and were kept 
in freeze-dryer (Telstar, LYOQUEST-55, Barcelona, Spain) 
for 24 hours. At the end, these freezed formulations were 
kept for MTT assay. Size and polydispersity index (PDI) of 
the micelles were measured by light scattering (3000 HAS 
Zeta sizer Malvern Zeta-Plus TM zeta potential analyzer, 
Malvern Instrument Ltd., Malvern, UK).

A Leo 906E transmission electron microscope (TEM) 

(Zeiss, Germany) at 100 kV was used to study the 
morphology of micellar nanocarriers. A drop of the 
polymeric micelle solution was placed on a carbon-coated 
copper grid. To prepare the sample for observation by 
TEM, it was negatively stained with uranyl acetate and 
dried completely at room temperature.

Determination of drug loading and encapsulation 
efficiency
To determine the level of encapsulated silibinin, first the 
aqueous solution of polymeric micelles were centrifuged at 
4000 ×g for 10 minutes to remove free silibinin precipitates. 
Then, in order to separate free and micelle-incorporated 
drug, the aqueous solution of micellar formulations were 
added to centrifugal filter tubes (M. wt. cut-off = 100 000 
g.mol−1) and centrifuged at 3000 ×g for 5 minutes. Upon 
centrifugation, 50 µL of the top layer (the micellar solution) 
was added to 4.5 mL methanol and vortexed (Vortex 
Mixer, Velp Scientifica, ZX3, Usmate, Italy) for 15 minutes 
to disrupt the drug loaded micelles and release the drug 
from the formulations. The drug concentrations in the 
samples were measured by UV-Spectroscopy (Shimadzu, 
UV-1800, Kyoto, Japan) with quartz cuvette and UV 
probe software. After washing the cuvette with deionized 
distilled water and methanol, system was calibrated by 
reading the methanol absorbance on 310 nm. Then, we 
measured UV absorbance of prepared silibinin standard 
concentrations in methanol prepared at 1, 5, 10, 20, 25, 50 
and 100 µg/mL.
Silibinin loading and encapsulation efficiency were 
determined using the following equations14:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑆𝑆𝑆𝑆𝑙𝑙 (𝑤𝑤
𝑤𝑤) =  

 amount of loaded silibinin in mg
amount of polymer in mg  

 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑒𝑒𝑒𝑒𝑒𝑒𝐸𝐸𝐸𝐸𝐸𝐸𝑒𝑒𝐸𝐸𝐸𝐸𝑒𝑒% = 

amount of loaded silibinin in mg
amount of silibinin added in mg  × 100  

 To evaluate the stability of micelles, the prepared 
silibinin micelles were aliquoted in 1.5 mL vials and kept 
in refrigerator at 4°C for 7 days. After determined day, the 
temperature was reached room temperature and silibinin 
micelles were examined for their stability in size, PDI, and 
zeta potential.

In vitro release study
Dialysis method was used to study the release of silibinin 
from the prepared micelles. Spectra/Por dialysis bags (M. 
wt. cut-off = 12000-14000 g.mol-1) were loaded with each 
micellar formulation (2 mL) separately, then the bags 
were sealed with clips and placed in a beaker with 200 
mL of phosphate buffer saline (PBS). The whole system 
was placed on a stirrer at room temperature replacing the 
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system with the same buffer every 2 hours. At various 
time points, 50 µL samples of the solution were taken 
from the inside of dialysis bag and diluted in methanol for 
quantification purpose. The samples were analyzed by UV-
Spectrophotometer as described previously. The kinetics 
of silibinin release from the micelles was determined by 
applying release data to different mathematical models 
including Weibull, Higuchi, zero-order, first-order, and 
Peppas. The parameters of the models were obtained by 
linear regression. The model with the highest regression 
coefficient (R2) and the lowest mean percent error was 
chosen as the best fit to determine the release kinetics of 
silibinin from PEG-PCL based micelles. 

Cell viability
Growth inhibitory effects of PEG-PBCL micellar silibinin 
and free silibinin were assessed in B16 melanoma cells. This 
cell line was grown and expanded in RPMI supplemented 
with 10% FBS. 3-(4,5-dimethylthiazole-2-yl)-2,5-biphenyl 
tetrazolium bromide (MTT) assay was used to examine 
cell viability.34 B16 melanoma cells were acquired from 
the culture which was 90%–95% confluent, were seeded 
at a density of 4000 cells/well in 96-well plates. The plates 
were incubated (CO2 incubator INCO2, Memmert) 
overnight. After 24 hours, cells were washed three times 
with PBS and treated with the drug loaded micelles and 
free drug at different concentrations. Loaded micelles 
were dissolved in 1 mL sterile 20% mannitol solution to 
make a stock concentration of 1 mg/mL. Stock solution 
was diluted by culture medium to prepare 50, 75, and 100 
µM concentrations of silibinin. Moreover, to make the free 
silibinin, the powder of silibinin was dissolved in DMSO 
to prepare 10 mg/mL stock solution and was diluted by 
culture medium to gain 50, 75, and 100 µM concentrations 
of silibinin in wells, while keeping DMSO concentration35 
at 2.4, 3.6, and 4.8 µL/mL, respectively. To account for 
potential toxicity of DMSO at the above concentrations, 
cells were treated with these concentrations of DMSO as a 
control group. Another control treatment was cells treated 
with empty PEG-PBCL micelles dissolved in 20% of 
mannitol and diluted by cell culture. Silibinin is a potent 
cytotoxic agent and according to dose-response studies, 
free silibinin at the concentration of 300 µM reduces cell 
viability to 9 ± 0.7% and can serve as a positive control 
for MTT assay. The 96-well plates were then transferred 
into incubator and incubated for 48 hours. Then, culture 
medium was completely removed from wells and 200 µL 
of MTT solution (0.5 mg/mL) was added to each well and 
96-well plates were incubated for further 4 hours. At the 
final step, plates were read by ELISA reader (ELISA reader, 
BioTek, synergy HT) at 570 nm. The following formula 
was used to calculate cell viability percentages: 

Cell Viability (%) = 
Optical absorption of treated cells −  blank
Optical absorption of control cells −  blank × 100 

 

The MTT assay was repeated three times and the data 
were analyzed by GraphPad Prism software. IC50 (the half-
maximal inhibitory concentration) for the cytotoxic effects 
of free drug and micellar formulation was calculated again 
by GraphPad Prism software. 

Statistical analysis
In the present work, each experiment was repeated 
three times and all data were shown by mean ± standard 
deviation (SD). Difference between the mean values was 
analyzed by two-way ANOVA, followed by Tukey post hoc 
test. P value < 0.05 was accepted as the level of statistical 
significance.

Results
Characterization of polymers 
1H NMR spectra of all three synthesized polymers are 
shown in Fig. 2. To determine the number- average 
molecular weight of PEG-PCL polymer, the peak intensity 
of PEG (-OCH2CH2-, δ = 3.66 ppm) was compared to the 
peak intensity of PCL or PBCL (-OCH2-, δ = 4.08 ppm) 
considering a 5000 g.mol−1 molecular weight for PEG. 
In the case of the triblock copolymer, to determine the 
molecular weight of PLA from 1H NMR spectra, the peak 
intensity ratio of methane protons of the PLA segment 
(-COCH(CH3)O-: δ = 5.18 ppm) and the methylene 
protons of Me PEG (-OCH2CH2-: δ = 3.67 ppm) were 
examined. The molecular weight of PBCL block was 
determined from 1H NMR spectra by examining the peak 
intensity ratio of methylene protons of PBCL segment 
(-OCH2-: δ = 4.1 ppm) and the methylene protons of Me 
PEG (-OCH2CH2-: δ = 3.67 ppm).

Characteristics of micellar formulation of silibinin
Physicochemical characteristics of micellar nanocarriers 
including size, PDI, silibinin encapsulation, and loading 
efficiency (%) have been summarized in Table 1. As 
shown in Table 1, all micellar formulation was less than 
60 nm in size, on average, with acceptable PDI. The 
highest percentage of encapsulation efficiency, being 
95.54 ± 3.47%, was obtained with PEG-PBCL co-polymer 
micelles. Characterization of silibinin-loaded PEG-PBCL 
for size and PDI following reconstitution from freeze-
dried samples showed that freeze-drying did not cause 
significant changes in the size and PDI of micelles. The 
size and PDI of freeze-dried silibinin-loaded micelles 
were found to be 52 ± 0.01 nm and 0.384 ± 0.03 nm, 
respectively, on average. The study of micelles morphology 
by TEM revealed that the prepared micelles are spherical 
in shape (Fig. 3).

Micelles stability
Next, we tested the micelles stability and tried to find out 
whether micellar formulations of silibinin can retain their 
nanoscale size over a short period of time, which is usually 
required for performing preclinical studies in animal 
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cancer models. As shown in Table 2, all of the polymeric 
micelles retained their nanoscale size with acceptable PDI, 
seven days after preparing.

In vitro release of silibinin from polymeric micelles
Anticancer drugs are loaded in micellar formulation 
for tumor-targeted delivery which is achieved through 
accumulation of micelles in tumor tissues due to EPR 
effects. For efficient accumulation in tumor, a micellar 
formulation should keep its integrity and retain drug 

inside cores following entry to the blood circulation. 
Therefore, we attempted to assess the release of silibinin 
from micellar formulation under the sink condition in 
vitro. As shown in Fig. 4, the presence of sink condition 
under experimental condition is confirmed by the fast 
release of non-encapsulated free silibinin through the 
dialysis cassette in the release media (97 ± 0.5%) in the 
first 4 hours. Among polymeric micelles, PEG-PBCL and 
PEG-PLA-PBCL micelles showed a controlled release 
pattern in first 24 hours. The percentage of drug release 
from PEG-PBCL and PEG-PLA-PBCL micelles during 
24 hours were found to be 30.5 ± 1.5% and 32.3 ± 1.2 
%, respectively. On the other hand, PEG-PCL micelles 
released 91.7 ± 0.81% of their drug content in a 24-hour 
period (Fig. 4). Drug release kinetics from PEG-PLA-
PBCL and PEG-PBCL micelles during the first 6 hours 
was best fitted to the Weibull's distribution model with an 
R2 of 0.96 and 0.97, respectively. The release of silibinin 
from PEG-PCL micelles over the first 6 hours obeyed 
Peppas model with R2 being 0.8.

Anti-proliferative effects of silibinin-loaded micelles in 
B16 melanoma cell line 
PEG-PBCL micelles of silibinin were selected for further 
functional analysis due to high encapsulation efficiency 
and a good release profile. MTT assay was used to evaluate 
the anti-proliferative effects of the developed micelles in 
B16 melanoma cells.
 Fig. 5A shows anti-proliferative effects of silibinin 
as free drug, micellar formulation of silibinin, empty 
micelles, and DMSO in B16 melanoma cells after 48 hours 
incubation. As depicted in Fig. 5A, cell viability of B16 
cells treated with micellar formulation at three different 

Fig. 2. The 1H NMR spectrum of (a) PEG-PLA-PBCL, (b) PEG-PCL, and 
(c) PEG-PBCL.

Fig. 3. TEM image of PEG-PBCL micelles loaded with silibinin.

Table 1. Characteristics of silibinin-loaded micelles (n = 3)

Compound Block copolymer Silibinin loading ± SD 
(mg/mg)

Encapsulation 
efficiency ± SD (%)

Micellar size (nm) 
day1 PDI (day 1)

Silibinin

PEG-PLA-PBCL 0.014 ± 0.006 43.93 ± 19.4 47.35 ± 0.66 0.26 ± 0.08

PEG-PCL 0.015 ± 0.002 47.61 ± 5.82 54.73 ± 1.82 0.31 ± 0.06

PEG-PBCL 0.033 ± 0 .001 95.54 ± 3.47 46.9 ± 0.33 0.33 ± 0.01
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concentrations of 50, 75, 100 µM was significantly lower 
than that of B16 cells treated with free silibinin at the 
same concentrations (P < 0.001). Empty PEG-PBCL 
micelles did not significantly reduce cell viability of 
B16 cells as compared with control untreated cells. Fig. 
5B  depicts dose-response curves for both free drug and 
silibinin encapsulated PEG-PBCL micelles. IC50 values for 
cytotoxic effects of free silibinin and micelles of silibinin 
were found to be 115.6 ± 5.3 µM and 47.4 ± 3.2 µM, 
respectively. These data show that the prepared micelles 
can deliver functional drug to cancer cells and induce 
better cytotoxicity against B16 melanoma cells.

Discussion 
Silibinin is considered a promising anticancer agent. The 
potential of silibinin as an anticancer drug is highlighted 
by several studies showing that this compound can lower 

the expression level of anti-apoptotic genes (i.e. BCl-2, 
Survivin) while increasing the expression level of pro-
apoptotic genes (i.e. BAX).36 Besides, silibinin is shown 
to have suppressive effects on key oncogenic proteins 
(i.e. STAT3).8 The major advantage of silibinin for cancer 
therapy is its low toxicity which has been shown in 
previous studies.37 The major limitation for clinical use 
of this compound is its poor water solubility. Silibinin 
is considered practically insoluble according to USP 
solubility criteria.9 Poor water solubility of silibinin limits 
the drug absorption and lowers the ability of drug to 
reach tumor environment. In this research, we found that 
encapsulation of silibinin in PEG-PCL based polymeric 
nanomicelles significantly enhances the water solubility 
of silibinin and provides controlled release of functional 
drug to cancer cells in vitro. 

Among the micellar formulations loaded with 

Table 2. Stability characteristics of silibinin-loaded micelles at 4°C (n= 3)

Compound Block copolymer Micellar size (nm) day 7 PDI day 7 Zeta-potential

Silibinin

PEG-PLA-PBCL 50.68 ± 7.98 0.26 ± 0.08 -2.15 ± 0.31

PEG-PCL 81.64 ± 16.83 0.34 ± 0.08 -2.23 ± 0.14

PEG-PBCL 48.15 ± 0.89 0.35 ± 0.01 -3.23 ± 0.32

Fig. 4. Silibinin release profile from micellar formulations in vitro. Data shown are representative of three independent experiments and the values for each 
time point are mean of triplicates ± SD.

Fig. 5. (A) Anti-proliferative effect of free silibinin and micellar formulation of silibinin in B16 melanoma cells. The cells were treated with free silibinin and 
silibinin loaded micelles at three different concentrations and cell viability was assessed by MTT assay. (B) Dose-response curves of free silibinin and its 
micellar formulation in B16 melanoma cell line. Dose-response curve was generated by GraphPad prism software. Data shown are representative of three 
independent experiments and the values for each time point are mean of triplicates ± S.D. *** indicating P <0.001.

(A) (B)
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silibinin in this study, the micelles prepared from PEG-
PBCL showed the best results in terms of encapsulation 
efficiency and drug release profile. These findings are in 
line with our previous studies demonstrating that PEG-
PBCL micelles show better encapsulation efficiency and 
drug release for poorly water soluble anticancer drugs.38 
The reason behind the better efficiency of PBCL blcok in 
encapsulation and retaining of silibinin might be related 
to its chemical structure. In the PCL block of PEG-PBCL 
polymer, there is an aromatic ring which can increase the 
hydrophobicity of core forming block resulting in a better 
compatibility of the micellar core with the hydrophobic 
structure of silibinin. The superior efficiency of PEG-PBCL 
micelles over PEG-PLA-PBCL micelles for encapsulation 
of silibinin can be explained by the presence of PLA and 
the shorter length of PBCL chain in the structure of the 
triblock as compared with PEG-PBCL. PLA has been 
shown to have poor compatibility with hydrophobic drugs; 
therefore, it can reduce the compatibility of hydrophobic 
block for silibinin.32,39

PEG-PBCL copolymers have been shown to have 
a very low critical micellar concentration (CMC) as 
compared with other PEG-PCL based copolymers of 
similar molecular weights.32,40,41 The thermodynamic 
and kinetic stability of micelles detemine the stability of 
micellar structure against disassociation in blood in vivo.41 
The thermodynamic stability of a micellar structure is 
characterized by CMC of the applied block copolymers. 
In other words, the lower CMC of copolymer induces 
the higher stability of micellar formulation upon dilution 
in biological environment.42 The amount of PEG-PBCL 
polymer used in the developed micellar formulation is 
well above its CMC41; therefore, the micelles are expected 
to retain their integrity and keep drug content upon 
dilution in blood concentration.41 The results of release 
study indicates that PEG-PBCL micelles can retain almost 
70% of their drug content during 24 hours under the sink 
condition in vitro. 

The analysis for the activity of silibinin loaded PEG-
PBCL micelles were done in B16 melanoma cells. Our 
findings showed that silibinin micelles induce better 
anti-proliferative effects as compared with free drug. 
These observations are consistent with a previous study 
reporting that encapsulation of paclitaxel, a hydrophobic 
drug, in micellar formulations improves its anticancer 
effects in breast and ovarian cancer cell lines in vitro.43 
This observation can be due to the fact that the micelles 
construction plays an important role in silibinin 
solubilization resulting in better delivery of functional 
drug to cancer cells. The better cytotoxicity of silibinin 
micelles compared to free silibinin, can be also explained 
by the fact that cancer cells absorb free drug mainly 
by diffusion, however drug loaded nanoparticles are 
taken up by endocytosis. The uptake of PEG-PCL based 
micelles has been reported in our previous publication.44 

What is the current knowledge?
√ The clinical application of silibinin is limited by its poor 
water solubility. PEG-PCL based micelles are useful for 
solubilization of hydrophobic drugs.   

What is new here?
√ Our recently developed PEG-PBCL copolymer efficiently 
encapsulated silibinin and provided controlled delivery of 
functional drug to cancer cells.

Research Highlights

The uptake of micelles by cancer cells can lead to a much 
higher concentration of anticancer drug inside cancer 
cells and better biological effects as compared with free 
drug added to cancer cell culture. Besides, when there 
is a high concentration of drug inside cancer cells, drug 
efflux pumps such as p-glycoproteins cannot efficiently 
pump anticancer drug molecules out of the cells resulting 
in better retention of drug inside the cells and more potent 
anticancer effects.

Conclusion
To conclude, our findings showed that among PEG-
PCL based micelles used in this project, PEG-PBCL 
micelles efficiently encapsulated silibinin and provided 
controlled release of this drug. Functional analysis 
revealed that PEG-PBCL micelles of silibinin are capable 
of delivering functional drug to B16 melanoma cell line 
and exerting more potent growth inhibitory effects as 
compared with what observed in the cells treated with 
free drug. Altogether, our results showed that PEG-PBCL 
micelles have a potential for tumor-targeted delivery 
of silibinin. It is suggested that future studies should 
be conducted to evaluate the anticancer effects of the 
developed formulation in animal cancer models in vivo. 
In addition, the pharmacokinetics and biodistribution of 
the developed micelles need to be evaluated to show the 
capability of developed formulation for tumor-targeted 
delivery of silibinin.
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