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Abstract: Castrate-resistant prostate cancer (CRPC) remains incurable due to the lack of 

effective therapies. Several tyrosine kinases have been implicated in the development and 

growth of CRPC, as such targeting these kinases may offer an alternative therapeutic strategy. 

We established the combination of two tyrosine kinase inhibitors (TKIs), sorafenib and nilotinib, 

as the most cytotoxic. In addtion, to improve their bioavailability and reduce their metabolism, 

we encapsulated sorafenib and nilotinib into styrene-co-maleic acid micelles. The micelles’ 

charge, size, and release rate were characterized. We assessed the effect of the combination 

on the cytotoxicity, cell cycle, apoptosis, protein expression, tumor spheroid integrity, migra-

tion, and invasion. The micelles exhibited a mean diameter of 100 nm, a neutral charge, and 

appeared highly stable. The micellar TKIs promoted greater cytotoxicity, decreased cell prolif-

eration, and increased apoptosis relative to the free TKIs. In addition, the combination reduced 

the expression and activity of several tyrosine kinases and reduced tumor spheroid integrity 

and metastatic potential of CRPC cell lines more efficiently than the single treatments. The 

combination increased the therapeutic potential and demonstrated the relevance of a targeted 

combination therapy for the treatment of CRPC. In addition, the efficacy of the encapsulated 

drugs provides the basis for an in vivo preclinical testing.

Keywords: sorafenib, nilotinib, castrate-resistant prostate cancer, tyrosine kinase inhibitors, 

nanomedicine

Introduction
Prostate cancer is the most prevalent noncutaneous cancer diagnosed in men in 

developed countries and remains a leading cause of cancer-associated death among 

men worldwide.1 The standard treatment for localized prostate cancer includes surgery 

and radiotherapy. Although this treatment can be curative, in 20%–30% of patients, the 

tumor eventually spreads beyond the prostate boundary.2 Should progression occur, 

radiotherapy followed by androgen-deprivation therapy (ADT) has shown to improve 

overall patient survival.3,4 Early studies by Huggins and Hodges5 showed that chemical 

castration induced tumor regression. Currently, ADT includes luteinizing hormone-

releasing hormone agonists and androgen-receptor (AR) antagonists.6 A clinical 

response to ADT occurs in approximately 80% of patients, where tumor regression 

initially correlates with a decrease in the serum level of prostate-specific antigen (PSA), 

a clinical biomarker.7 Despite ADT, the serum level of PSA increases as the tumor 

progresses to a more aggressive phenotype and eventually spreads to distant sites.8 

Castrate resistance is a hallmark of prostate cancer with a 5-year relative survival rate of 

approximately 25%–33%.9 In recent years, several treatments have been approved for 

castrate-resistant prostate cancer (CRPC) extending overall survival by up to 35%.10–13 

Although current treatment strategies provide a small survival benefit in some patients, 
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no drug provides a cure, and the development of alternative 

or complementary therapies is, therefore, necessary.

Several contributors have been proposed to explain the 

recurrence of prostate cancer, its evolution toward metastatic 

CRPC (mCRPC), and acquired resistance to anticancer 

treatments. AR expression status was initially overlooked 

as prostate cancer appeared to grow despite low levels of 

circulating androgen. However, more recent studies have 

identified the AR as a major promoter of CRPC. The ampli-

fication of the AR gene copy number, the existence of splice 

variants, the identification of gain-of-function point muta-

tions, the altered expression of AR coregulators, or even the 

autocrine androgen production by prostate tumor cells have 

been identified as factors contributing to the development 

of mCRPC.14,15 Furthermore, activation of the AR can also 

result from deregulated signaling pathways involving recep-

tor tyrosine kinases (RTKs) such as the epidermal growth 

factor receptor (EGFR) or c-Met, or non-RTKs such as SRC 

and cytokine receptors.16,17 EGFR overexpression is observed 

in more than 40% of CRPC patients, but the use of specific 

EGFR inhibitors in the clinic has failed to provide survival 

benefits.18 Additional mechanisms independent of AR status 

and involving tyrosine kinases also contribute to the develop-

ment of mCRPC including the bypass and outlaw pathways, 

which rely on the local overexpression of growth factors or 

associated receptors, the activation of oncogenes, and the 

inhibition of tumor suppressor genes.19

In a preliminary study, we chose eight tyrosine kinase 

inhibitors (TKIs), targeting proteins associated with the 

development and progression of mCRP (as listed in Table 1) 

and assessed their cytoxicity either alone or in combination. 

A combination of sorafenib and nilotinib proved to be the 

most efficacious against CRPC cells in vitro. Sorafenib tar-

gets multiple tyrosine and serine/threonine kinases, including 

the vascular endothelial growth factor receptor (VEGFR) 

family, platelet-derived growth factor receptor (PDGFR)-β, 

stem cell factor receptor (KIT), RET tyrosine kinase, Flt-3 

kinase, B-RAF, and C-RAF.20 Sorafenib has been approved 

by the US Food and Drug Administration (FDA) for the treat-

ment of hepatocellular carcinoma, renal cell carcinoma, and 

thyroid cancer.21–23 The anticancer effect of sorafenib for the 

treatment of CRPC has currently been assessed in Phase II 

Table 1 TKIs and their proteins targets expression in crPc

Drugs Targets Expression 
in CRPC

Expression in 
PC3 LNCaP

References

sorafenib raF/MeK/erK
VegFr
PDgFr
reT
FlT3

+/-
++
++
+
-

low
+
+
+
-

low
+
+
+
-

20, 73, 86–90

crizotinib c-Met
alK
rOs1

+
+
ND

+
+
ND

+
+
ND

16, 91–95

Nilotinib Bcr-abl
PDgFr
c-KIT
DDr
csF1r

-
++
-
+
+/-

-
+
-
+
-

-
+
-
+
+

25, 86, 96–101

PD173074 FgFr
VegFr

++
++

+
+

+
+

25, 86, 89, 
102–104

Pazopanib VegFr
PDgFr
c-Kit

++
++
-

+
+
-

+
+
-

89, 97, 105

sunitinib VegFr
PDgFr
reT
csF1r
FlT3

++
++
+
+/-
-

+
+
+
+
-

+
+
+
+
-

86–89, 99, 106

lapatinib egFr
her2

++
++

+
+

+
+

107–110

Tofacitinib JaK + + + 111–114
selumetinib MeK1/2 +/- low low 73, 115

Abbreviations: VegFr, vascular endothelial growth factor receptor; PDgFr, platelet-derived growth factor receptor; FlT3, Fms-like tyrosine kinase-3 receptor; alK, 
anaplastic lymphoma kinase; ND, not defined; DDR, discoidin domain receptor; CSF1R, colony-stimulating factor 1 receptor; FGFR, fibroblast growth factor receptor; EGFR, 
epidermal growth factor receptor; JaK, Janus kinase; c-KIT, stem cell factor receptor; reT, glial cell line-derived neurotrophic factor receptor.
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clinical trials.24 Nilotinib is a TKI that targets Bcr-Abl as 

well as other kinases, including PDGFR-α, KIT, discoidin 

domain receptor, and colony-stimulating factor receptor-1.25 

Nilotinib is currently approved by the FDA for the treatment 

of imatinib-resistant chronic myeloid leukemia.26 The anti-

cancer effect of nilotinib in CRPC has only been documented 

in one study and showed mixed results.27

Sorafenib and nilotinib are poorly soluble in aqueous 

environments.28,29 In addition, treatment with sorafenib has 

been discouraged in elderly patients due to signs of cardiac 

toxicity.30 The encapsulation of sorafenib and nilotinib into 

nanoparticles may improve the drugs solubility and stabil-

ity, minimize the toxic side effects, and allow the drug to 

accumulate at the tumor site through the enhanced perme-

ability and retention (EPR) effect.31 In this study, we prepared 

sorafenib- and nilotinib-loaded poly(styrene-co-maleic acid 

[SMA]) micelles. We characterized the micelles, including 

their loading, size, charge, and release rate and assessed their 

anticancer effect using two CRPC cell lines in vitro.

Materials and methods
Materials
Cumene-terminated poly(styrene-co-maleic anhydride) 

with an average Mn ~1,700, N-(3-dimethylaminopropyl)-

N-ethyl-carbodiimide hydrochloride (EDAC), penicillin, 

streptomycin, and sulforhodamine B (SRB) were obtained 

from Sigma-Aldrich Ltd. (St Louis, MO, USA). Sorafenib 

(Sor), nilotinib (Nilo), crizotinib (Crizo), PD173074 (PD), 

pazopanib (Pazo), sunitinib (Suni), lapatinib (Lap), tofaci-

tinib (Tofa), and selumetinib (Selu) were purchased from LC 

Laboratories (Woburn, MA, USA).

Methods
cell culture
The CRPC cell lines, PC3 and LNCaP, were obtained from 

American Type Culture Collection (Manassas, VA, USA). 

Cells were maintained in complete growth medium composed 

of Dulbecco’s Modified Eagle Medium/Ham’s F12 supple-

mented with 5% fetal bovine serum, 2 mM l-glutamine, 

100 units/mL penicillin, 100 μg/mL of streptomycin, and 

2.2 g/L of sodium bicarbonate. For all procedures, cells were 

harvested using TrypLE Express (Thermo Fisher Scientific, 

Waltham, MA, USA) and maintained at 37°C in a humidi-

fied atmosphere with 5% CO
2
. The research was conducted 

according to the principles of the Declaration of Helsinki.

Preparation of sMa-sor and sMa-Nilo micelles
SMA-Sor and SMA-Nilo micelles were prepared as described 

previously.32 Briefly, the hydrolyzed SMA solution was 

adjusted to pH 5; sorafenib or nilotinib was dissolved in a 

minimum volume of dimethyl sulfoxide (DMSO) and added 

to the SMA solution while stirring. Water-solubilized EDAC 

was then added to the mixture and stirred for 20 minutes at 

pH 5. The solution was then adjusted to pH 11 with 0.1 N 

NaOH and stirred for 30 minutes to allow micelle formation. 

The pH of the clear solution was readjusted to pH 7.4 with 

HCl 0.1 N. The clear micelle suspension was ultrafiltered four 

times using a lab-scale ultrafiltration system mounted with a 

Pellicon XL filter 10 kDa (Merck Millipore, Billerica, MA, 

USA). The concentrated micelle solution was lyophilized to 

obtain the final SMA-Sor or SMA-Nilo powder.

loading of sMa-sor and sMa-Nilo
A standard curve for sorafenib and nilotinib were prepared in 

DMSO and measured at 270 nm. Drug content of SMA-Sor 

and SMA-Nilo micelles was determined by solubilizing the 

micelles (1 mg/mL) in DMSO and measuring the absorbance 

at 270 nm in comparison with their respective standard curve. 

The loading was expressed as % weight of sorafenib or 

nilotinib in the final micelle compared to the total weight of 

recovered SMA-Sor or SMA-Nilo, respectively. We deter-

mined a loading of 16.8% and 16.4% w/w for SMA-Sor and 

SMA-Nilo, respectively.

size and zeta potential of sMa-sor and sMa-Nilo 
micelles
SMA-Sor and SMA-Nilo micelles (8 mg/mL) were solubi-

lized in sodium bicarbonate (0.1 M, pH 7.4) or water for the 

determination of mean intensity-weighted diameter and zeta 

potential, respectively. All measurements for size distribu-

tion and zeta potential were carried out using the Malvern 

ZEN3600 Zetasizer Nano Series (Malvern Instruments Inc., 

Westborough, MA, USA). Measurements were taken from 

three independent experiments, conducted in triplicate.

Sorafenib and nilotinib release profile
The release of sorafenib and nilotinib from the micellar 

constructs was evaluated using a dialysis method. SMA-Sor 

and SMA-Nilo micelles were solubilized at a concentration 

of 1 mg/mL in phosphate-buffered saline (PBS) and placed 

in a dialysis bag (2 mL) with a molecular weight cutoff of 

12 kDa. The micelle resuspension was dialyzed against 

20 mL of PBS adjusted to either pH 5.5, 6.8, or 7.4. Over a 

period of 96 hours, aliquots of the solution outside the dialysis 

bag were removed, and the absorbance measured at 270 nm. 

Quantification of the percentage of release was determined by 

the ratio of the absorbance of the solution outside the bag at 

defined time points divided by the absorbance inside the bag 
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at t=0. All experiments were performed in triplicate. Percent-

age release is reported as a mean ± standard error.

cytotoxicity of sorafenib, nilotinib, sMa-sor, and 
sMa-Nilo
PC3 (4×103 cells/well) and LNCaP (8×103 cells/well) cells 

were seeded in 96-well plates and incubated for 24 hours at 

37°C in 5% CO
2
 and then treated with a range of concentra-

tions from 0 to 15 μM of either free sorafenib, free nilotinib, 

SMA-Sor, or SMA-Nilo. The cells were incubated for 

72 hours and fixed using trichloroacetic acid. Cell number 

was determined using the SRB assay.33 The concentration 

required to decrease the cell number by 50% (IC
50

 [half maxi-

mal inhibitory concentration]) was determined by nonlinear 

regression using Graphpad Prism™ software (GraphPad 

Software, Inc., San Diego, CA, USA). Measurements were 

taken from three independent experiments conducted in 

triplicate. The preliminary study used various TKIs at a con-

centration of 2.5 μM and evaluated the cytotoxicity as single 

or combination treatments in PC3 cells as described earlier. 

For the time course study, cells were treated with 2.5 μM of 

sorafenib free or micellar, 3 μM of nilotinib free or micel-

lar, and DMSO or SMA for 12, 24, 36, 48, and 72 hours. At 

the specified time, cells were processed as described earlier. 

All experiments were performed in triplicate and repeated 

independently three times.

cell cycle analysis
PC3 (8×104 cells/well) and LNCaP (3×105 cells/well) cells 

were seeded in six-well plates in 1.5 mL of complete growth 

media. Cells were treated with 2.5 μM of free or micellar 

sorafenib, 3 μM of free or micellar nilotinib, DMSO, or 

SMA for 48 hours. Cell cycle distribution was assessed 

using propidium iodide staining, as previously described.34 

Samples were analyzed using an FACScalibur flow cytometer 

(BD Biosciences, San Jose, CA, USA) and the proportion of 

cells in G
0
/G

1
-, S-, and G

2
/M-phases was determined using 

CellQuest Pro software (BD Biosciences). All experiments 

were performed in triplicate and repeated independently 

three times.

apoptosis analysis
PC3 (8×104 cells/well) and LNCaP (3×105 cells/well) cells 

were seeded in six-well plates in 1.5 mL of complete growth 

media. Cells were treated with 2.5 μM of free or micellar 

sorafenib, 3 μM of free or micellar nilotinib, DMSO, or 

SMA for 48 hours. Apoptosis was assessed using Annexin-V-

FLUOS/propidium iodide staining, as described previously.34 

Samples were analyzed using an FACScalibur flow cytometer 

and the proportion of apoptotic cells was determined using 

CellQuest Pro software (BD Biosciences). All experiments 

were performed in triplicate and repeated independently 

three times.

Western blot
PC3 (1×106) and LNCaP (1.5×106) cells were seeded in 

10 cm Petri dishes in 10 mL of complete growth media 

and incubated for 36 hours. Cells were treated with 2.5 μM 

of free or micellar sorafenib, 3 μM of free or micellar 

nilotinib, DMSO, or SMA for 48 hours. Cells were lysed in 

buffer containing Tris-HCl 50 mM (pH 8), sodium chloride 

150 mM (NaCl), Triton X-100 1%, sodium dodecyl sulfate 

(SDS) 1%, sodium fluoride 1 mM, sodium orthovanadate 

200 μM, and protease inhibitors (leupeptin 1 μg/mL, apro-

tinin 1 μg/mL, phenylmethylsulfonyl fluoride 1 mM). The 

lysates were cleared of insoluble material by centrifugation 

at 20,000× g for 10 minutes, boiled in Laemmli buffer, sub-

jected to polyacrylamide gel electrophoresis, and analyzed 

by Western blotting using polyvinyl difluoride membrane. 

Antibodies used were as follows: anti-VEGFR-2 (D5B1, 

Cell Signaling Technology; Beverly, MA, USA); antiphos-

pho focal adhesion kinase (FAK) (D20B1, Cell Signaling); 

anti-FAK (D2R2E, Cell Signaling); anti-PDGFR (D1E1E, 

Cell Signaling), antiphospho-EGFR (tyr1148) (Cell Signal-

ing), anti-EGFR (D38B1, Cell Signaling), antiphospho-

AKT (193H2, Cell Signaling), anti-AKT (Cell Signaling), 

antiphospho-SRC (D49G4, Cell Signaling), anti-SRC (32G6, 

Cell Signaling), and β-tubulin (2-28-3, Sigma-Aldrich Ltd). 

Secondary horseradish peroxidase (HRP)-conjugated anti-

bodies were from Merck Millipore, and HRP can be detected 

using SuperSignal West Pico Chemiluminescent Substrate 

(Thermo Fisher Scientific).

Indirect immunofluorescence microscopy
Immunofluorescence was performed as described previ-

ously.34,35 LNCaP cells (2.5×104 cells/well) seeded on glass 

slides were incubated for 36 hours and treated with 2.5 μM of 

free or micellar sorafenib, 3 μM of free or micellar nilotinib, 

DMSO, or SMA for 48 hours. Cells were washed twice with 

ice-cold PBS, fixed with 4% paraformaldehyde in PBS for 

15 minutes at room temperature, washed again with PBS, 

and permeabilized in 0.2% Tween-20 in PBS for 15 minutes, 

followed by incubation with 1% bovine serum albumin 

(BSA) in PBS for 1 hour. The cells were then incubated with 

anti-AR antibody (D6F11 XP, Cell Signaling Technology; 

5 μg/mL in PBS/BSA, as described earlier) overnight at 
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4°C and washed four times with PBS, followed by incuba-

tion with Dylight 594 goat anti-rabbit IgG antibody (Vector 

Laboratories, Burlingame, CA, USA; 10 μg/mL in PBS/

BSA, as described earlier) for 1 hour at room temperature. 

The slides were again washed four times with PBS, and the 

coverslips were mounted using Gel/Mount aqueous mount-

ing medium (Fisher, Pittsburgh, PA, USA). The images were 

taken using Nikon Eclipse Ni-E upright epifluorescence 

microscope (Nikon Corporation, Tokyo, Japan).

Tumor spheroids and cell viability via acid 
phosphatase assay
Tumor spheroids were produced as described by Friedrich 

et al.36 Briefly, PC3 (4×103 cells) and LNCaP (8×103 cells/

well) cells were transferred to a 96-well plate precoated with 

agarose (1.5% w/v). Cells were incubated for 4 days and 

then treated with 2.5 μM of free sorafenib or an equivalent 

sorafenib concentration of SMA-Sor, 3 μM of free nilotinib or 

an equivalent nilotinib concentration of SMA-Nilo, DMSO, 

or SMA for 15 days. Culture medium and treatments were 

renewed every 4 days. At the end of the treatment period, 

photographs were taken, and cell viability was assessed 

by an acid phosphatase assay as previously described.36 

Briefly, tumor spheroids were collected, washed in PBS, 

and incubated in the presence of acid phosphatase buffer 

(0.1 M sodium acetate, 0.1% Triton X-100 and p-nitrophenyl 

phosphate [2 mg/mL]) for 90 minutes at 37°C. The reaction 

was stopped with NaOH (1 N) and quantified at 405 nm on 

a microplate reader. The results are expressed as a percent-

age of control. The three independent experiments were 

performed in sextuplicate.

cell migration
Migration of PC3 cells was measured using an in vitro cell 

scratch assay. After cells grown in six-well plates had reached 

90% confluency, a scratch was made with a 10 μL pipette 

tip, followed by extensive washing with serum-free medium 

to remove cell debris. Free or micellar sorafenib (2.5 μM) 

or free or micellar nilotinib (3 μM) or controls (SMA or 

DMSO) were then added. Cells were allowed to migrate 

into the scraped area for up to 20 hours at 37°C, 5% CO
2
 

before being photographed. Experiments were performed in 

triplicate and repeated independently three times.

cell invasion
PC3 cells (4×104) were seeded onto Boyden chambers (8 μm 

pore; In Vitro Technologies, Auckland, New Zealand) coated 

with Geltrex (Life Technologies) and treated with free or 

micellar sorafenib (2.5 μM), or free or micellar nilotinib (3 μM) 

or controls (SMA or DMSO). Fetal bovine serum (5%) was 

used as a chemoattractant in the lower chamber containing 

complete growth media. After 20 hours, the filters were fixed 

in methanol and stained using Diff-Quick staining solutions. 

Cells from each well were counted under an inverted micro-

scope at 200× magnification. The invasion was expressed as 

the percentage of cells passing through the basement membrane 

layer over the number of cells counted in the control well 

without basement membrane. Data were collected from three 

independent experiments, conducted in triplicate. Migrated 

cells were counted and analyzed using the Student’s t-test.

MMP-9 activity assay and MMP-9 and isthmin-1 
secretion
PC3 cells (1×106) were seeded in 10 cm Petri dishes in 10 mL 

of complete growth media and incubated for 36 hours. The 

cells were washed with PBS and then incubated in serum-

free media and treated with 2.5 μM of free or micellar 

sorafenib, 3 μM of free or micellar nilotinib, DMSO, or 

SMA for 48 hours. Following treatment, media was col-

lected, centrifuged to remove cell debris, and freeze-dried for 

12 hours. Samples were rehydrated and mixed with loading 

buffer (0.4 M Tris, pH 6.8, 5% SDS, 20% glycerol, 0.03% 

bromophenol blue). For zymography, samples were loaded 

on a 10% SDS-polyacrylamide gel containing 1 mg/mL of 

gelatin. After electrophoresis, the gels were incubated in 

renaturing solution (2.5% Triton-X-100 (w/v)) for 30 min-

utes at room temperature and then for 24 hours at 37°C in a 

developing buffer containing 50 mM Tris, pH 7.5, 200 mM 

NaCl, 4 mM calcium chloride (CaCl
2
), and 0.02% NP40. 

The gels were then stained with Coomassie blue R250, and 

regions without staining were indicative of gelatin lysis. 

The gels were briefly rinsed and scanned. For MMP-9 and 

isthmin-1 (ISM1) secretion, samples were loaded on a 10% 

SDS-polyacrylamide gel, and the expression of MMP-9 and 

ISM-1 was assessed by Western blotting using anti-MMP-9 

(D6O3H, Cell Signaling) and anti-isthmin-1 antibodies 

(Biorbyt, San Francisco, CA, USA).

statistics
Groups were compared using a Student’s t-test or one-way 

analysis of variance (ANOVA) for Figures 1, 4, 5, 8 and 

9 and Supplementary Figures 1 and 2. Two-way ANOVA 

was used for Figures 2 and 3. In all cases, the ANOVA was 

coupled with the Student–Newman–Keuls post hoc test. 

For all analyses, P,0.05 was the minimal requirement for 

a statistically significant difference.
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Results
a combination of sorafenib and nilotinib 
reduces cell viability of Pc3 cells
To determine the optimal combination of TKIs that elicit 

cytotoxicity toward CRPC cells, PC3 cells were treated 

with 2.5 μM of TKIs as single or in combination treatment 

for 72 hours. The combination of sorafenib and nilotinib 

decreased cell viability by 80% after 72 hours, and this 

was statiscally significant compared to all other treatments 

(Figure 3). Thus, this combination was studied further.

Figure 1 effect of the single and combination of TKIs on the viability of Pc3 cells.
Notes: Cells were treated over a period of 72 hours and at the indicated time point were fixed and cell number was determined using the sulforhodamine B assay. Data are 
presented as mean ± seM (n=3). *P,0.05 compared to control, **P,0.05 compared to all other treatments.
Abbreviations: seM, standard error of the mean; TKI, tyrosine kinase inhibitor.

Figure 2 release rate of sorafenib and nilotinib from sMa-sor (A) and sMa-Nilo (B) at ph 5.5, 6.8, and 7.4.
Notes: The release of sorafenib and nilotinib were evaluated using dialysis method and compared to sorafenib and nilotinib present inside the dialysis bag at t=0 hour. The 
released was assessed over a period of 4 days. Data are expressed as mean ± seM (n=3) (*P,0.05 for ph 5.5 versus ph 6.8 and **ph 5.5 versus ph 7.4).
Abbreviations: sMa, poly(styrene-co-maleic) acid; seM, standard error of the mean.
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synthesis and characterization of  
sMa-sor and sMa-Nilo
SMA is an amphiphilic block copolymer forming a 

self-assembled micellar structure in aqueous solution. We 

generated SMA-Sor and SMA-Nilo micelles with a theoreti-

cal loading of 20%, the encapsulation efficiency was between 

85% and 88%, and the loading efficiency of 16.8% and 16%, 

respectively, as determined by the weight ratio of the drug 

over total SMA micelle weight (Table 2). Sorafenib and nilo-

tinib encapsulation into SMA micelles improved their solubil-

ity in aqueous solution by 1,357-fold (0.00171–2.32 mg/mL) 

and 1,313-fold (0.00201–2.65 mg/mL), respectively. The 

mean micelle diameter, measured by dynamic light scattering, 

was 109±28.9 and 113±35.2 nm for SMA-Sor and SMA-Nilo, 

respectively (Table 2). The charges of SMA-Sor and SMA-

Nilo were near neutral (Table 2). The physicochemical char-

acteristics of size and charge of both micelles are predictive 

for improved biodistribution and circulatory half-life when 

administrated systemically. A micellar size greater than 7 nm 

escapes renal filtration,37 while the size and neutral charge of 

the micelles will reduce their possible interaction with the 

reticuloendothelial system (RES).37

release rate of the drugs from the micelle
As illustrated in Figure 1, the release profiles of SMA-Sor 

and SMA-Nilo micelles were stable at physiological pH 7.4 

with less than 3.4% and 3.3% released of sorafenib and 

nilotinib in the first 12 hours, respectively (Figure 1). The 

release of both drugs was sustained over 96 hours with 

9.7% and 10.7% sorafenib and nilotinib released from the 

micelles, respectively (Figure 1). This release rate indicates 

that the micelles are stable at physiological pH. At a pH of 

6.8, comparable to the pH surrounding the tumor tissue, the 

release after 96 hours was 10.1% and 11.7% for sorafenib 

and nilotinib, respectively (Figure 1). The low release in the 

tumor microenvironment may promote their internalization 

by the tumor cells through endocytosis to act synergistically 

on the targeted tumor cells. Release at pH 5.5, equivalent 

to the pH of the lumen of endosomes, was relatively faster 

than at pH 6.8 and 7.4. At pH 5.5, 12% SMA-encapsulated 

sorafenib and 18.8% SMA-encapsulated nilotinib were 

released after 96 hours (Figure 1). The acidic environment 

promotes a conformational transition of SMA,38 allowing a 

slow release of the encapsulated drug.

cytotoxicity of sorafenib, sMa-sor, 
nilotinib, and sMa-Nilo
The cytotoxicity of sorafenib, SMA-Sor, nilotinib, and 

SMA-Nilo micelles toward LNCaP and PC3 cells was 

evaluated in vitro using an SRB assay over 72 hours. As listed 

in Table 3, the concentration of SMA-Sor that decreased the 

number of cells by 50% (IC
50

) was nearly identical to free 

sorafenib in LNCaP cells. In PC3 cells, the encapsulation of 

sorafenib slightly improved its cytotoxicity and decreased 

the IC
50

 by almost 20% from 4.08 to 3.29 μM for sorafenib 

and SMA-Sor, respectively. The encapsulation of nilotinib 

improved its cytotoxicity by nearly 46% in LNCaP cells 

from an IC
50 

value of 2.98–1.59 μM, and by 22% in PC3 cells 

with IC
50

 value of 3.97 and 3.08 μM for nilotinib and SMA-

Nilo, respectively (Table 3). The effects of a combination of 

Figure 3 Time dependent cytotoxicity of sorafenib, nilotinib, sMa-sor, sMa-Nilo and their combination on the proliferation of Pc3 (A) and lNcaP (B) cells.
Notes: cells were treated over a period of 72 hours with free or micellar sorafenib 2.5 μM and/or nilotinib 3 μM. At the indicated time point, cells were fixed and cell 
number was determined using the sulforhodamine B assay. Data are expressed as mean ± seM (n=3). *P,0.05 compared to control since 36 hours, **P,0.05 compared to 
single treatments since 36 hours, and ***P,0.05 compared to other treatments since 36 hours.
Abbreviations: seM, standard error of the mean; sMa, poly(styrene-co-maleic) acid.

Table 2 characteristics of the sorafenib and nilotinib micelles

Parameters Sorafenib Nilotinib

loading (%) 16.8 16
solubility (mg/ml) 
(drug content, mg)

13.8 (2.32) 16.5 (2.65)

Diameter (nm) 109±28.9 113±35.2
charge (mV) 0.26±2.02 0.38±4.3
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sorafenib and nilotinib and their micellar formulations were 

further evaluated over a time course of 72 hours using the 

same cell lines. The cells were treated with 2.5 μM of free or 

micellar sorafenib, 3 μM of free or micellar nilotinib; DMSO 

(0.034%) or SMA (1.55 mg/mL) was used as control groups. 

In PC3 cells, sorafenib treatment decreased the cell number 

by 23%, while SMA-Sor reduced it by 27.2% (Figure 2A). 

A similar trend was observed following nilotinib and SMA-

Nilo treatments, where cell numbers were decreased by 

13.1% and 27.2%, respectively (Figure 2A). The combina-

tion of sorafenib and nilotinib and their micellar formulations 

reduced the cell number by 59.2% and 76.4%, respectively 

(Figure 2A). In LNCaP cells, sorafenib and SMA-Sor 

decreased the cell number by 45% and 58.7%, respectively, 

and nilotinib and SMA-Nilo treatments reduced cell number 

by 41.3% and 45%, respectively (Figure 2B). Free and micel-

lar combination treatments decreased the cell number by 76% 

and 82%, respectively (Figure 2B). These results demonstrated 

that a combination of sorafenib and nilotinib was more potent 

than the single drug treatments, and encapsulation of the drugs 

only further improved their cytotoxicity.

sorafenib and nilotinib treatment decreased 
cell cycle progression in Pc3 and lNcaP 
cells
PC3 and LNCaP cells were treated with free or micellar 

sorafenib (2.5 μM) and/or nilotinib (3 μM) for 48 hours, and 

the effect on cell cycle progression was measured by flow 

cytometry. In PC3 cells, sorafenib and nilotinib moderately 

increased the number of cells in the G
0
/G

1
 phase of the cell 

cycle by 3.7% and 4.1%, respectively (Figure 4A). A concomi-

tant decrease in the S phase was observed while the propor-

tion of cells in the G
2
/M phase was not altered (Figure 4A). 

A similar observation was made following treatment with 

Figure 4 effect of sorafenib, nilotinib, sMa-sor, sMa-Nilo, and their combination on the cell cycle progression.
Notes: Pc3 (A) and lNcaP cells (B) were treated for 48 hours with free or micellar sorafenib 2.5 μM and/or nilotinib 3 μM. sMa and DMsO were used as controls. Data 
are expressed as mean ± seM (n=3). *P,0.05 compared to control.
Abbreviations: sMa, poly(styrene-co-maleic) acid; DMsO, dimethyl sulfoxide; seM, standard error of the mean.

Table 3 Ic50 values for free sorafenib and nilotinib drugs and their 
micellar formulation in two crPc cell lines, Pc3, and lNcaP cells

Cells IC50 (μM)

Sorafenib Nilotinib

Free SMA Free SMA

lNcaP 2.63±0.07 2.69±0.19 2.98±0.22 1.59±0.13
Pc3 4.08±0.09 3.29±0.12 3.97±0.11 3.08±0.22

Abbreviations: crPc, castrate-resistant prostate cancer; Ic50, half maximal 
inhibitory concentration; sMa, poly(styrene-co-maleic) acid.
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SMA-Sor and SMA-Nilo, where the percentage of cells in the 

G
0
/G

1
 phase increased by 5.1% and 4.5%, respectively. How-

ever, the combination of the sorafenib and nilotinib triggered 

accumulation of the cells in G
2
/M phase from 25.6% up to 33%, 

with a concomitant decrease of the proportion of cells in the 

S (-3.4%) and G
0
/G

1
 phase (-4%) (Figure 4A). In contrast, 

treatment with the micellar combination did not promote G
2
/M 

accumulation of the cells. The micellar combination increased 

the number of cells in G
0
/G

1
 phase by 5% with a concomi-

tant decrease of the cells in the S phase (Figure 4A). In the 

LNCaP cells, similar patterns were observed, where sorafenib, 

nilotinib, SMA-Sor, SMA-Nilo, and micellar combination 

increased the number of cells in the G
0
/G

1
 phase by 6.2%, 3.7%, 

5.5%, 5.7%, and 6.9%, respectively (Figure 4B). A concomi-

tant decrease in the number of cells in both the S and G
2
/M 

phases was observed. The combination of sorafenib and nilo-

tinib increased the number of LNCaP cells in the S (+3.7%) 

and G
2
/M (+4.2%) phases (Figure 4B).

a combination of free and micellar 
sorafenib and nilotinib enhanced apoptosis
The effect of sorafenib, nilotinib, and their micellar formula-

tions on apoptosis was determined after 48 hours incubation 

using annexin V and propidium iodide and analyzed by flow 

cytometry. As shown in Figure 5A, when compared to con-

trol, sorafenib and nilotinib increased apoptosis by 2.9- and 

2.3-fold, respectively, while their combination increased 

the proportion of apoptotic cells by 5.3-fold in PC3 cells 

(Figure 5A). SMA-Sor, SMA-Nilo, and their combination 

followed the same pattern observed with the free drugs. 

Apoptosis increased by 3.6-, 3.5-, and 6.9-fold for SMA-Sor, 

SMA-Nilo, and micellar combination, respectively. In LNCaP 

cells, drugs had a more profound cytotoxic effect. Sorafenib, 

nilotinib, and their combination increased apoptotic cells by 

5.7-, 3.5-, and 8.6-fold when compared to control, respec-

tively (Figure 5B). Furthermore, the micellar formulation of 

each drug slightly increased the number of apoptotic cells 

when compared to the free drugs. SMA-Sor, SMA-Nilo, 

and micellar combination increased the number of apoptotic 

cells by 8.8-, 6.1-, and 12.2-fold when compared to SMA 

(Figure 5B). Overall, the combination of both micellar drugs 

improved the cytotoxicity against CRPC cell lines, potentially 

the result of the inhibition of multiple signaling pathways.

combination reduces the expression 
of proteins essential for cancer cell 
proliferation and survival
We evaluated the effect of the combination treatment of either 

free or micellar drugs on the expression of protein targets of 

sorafenib and nilotinib and also signaling proteins critical 

to cell proliferation and apoptosis. Following free or micel-

lar combination treatment, the expression of VEGFR2 was 

not affected in PC3 cells (Figure 6A). In LNCaP cells, the 

expression of VEGFR2 was reduced 46% and 81% follow-

ing free and micellar combination treatment, respectively 

(Figures 6B and S1 [quantification]). Both sorafenib and nilotinib  

are inhibitors of PDGFR; in PC3 cells, the combination treatment 

decreased its expression by 65% and 80% following free and 

Figure 5 effect of sorafenib, nilotinib, sMa-sor, sMa-Nilo, and their combination on apoptosis Pc3 (A) and lNcaP cells (B) were treated for 48 hours with free or micellar 
sorafenib 2.5 μM and/or nilotinib 3 μM.
Notes: sMa and DMsO were used as controls. Data are expressed as mean ± seM (n=3). *P,0.05 compared to control, **P,0.05 comparing free drug versus micellar 
treatments, and ***P,0.05 comparing of free drug versus combination treatments.
Abbreviations: sMa, poly(styrene-co-maleic) acid; DMsO, dimethyl sulfoxide; seM, standard error of the mean.
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Figure 6 effect of sorafenib, nilotinib, sMa-sor, sMa-Nilo, and their combination treatment on the expression of various tyrosine kinases and associated proteins.
Notes: Pc3 (A) and lNcaP cells (B) were treated for 48 hours with free or micellar sorafenib 2.5 μM and/or nilotinib 3 μM. sMa and DMsO were used as controls. Total 
lysates were analyzed by Western blot using antibodies directed against the indicated proteins. experiments were performed in triplicate. 
Abbreviations: VegFr, vascular endothelial growth factor receptor; PDgFr, platelet-derived growth factor receptor; egFr, epidermal growth factor receptor; FaK, focal 
adhesion kinase; ar, androgen receptor; sMa, poly(styrene-co-maleic) acid; DMsO, dimethyl sulfoxide.
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micellar combination treatment, respectively (Figures 6A and S1).  

In LNCaP cells, PDGFR expression decreased by 96% and 82% 

following free and micellar combination treatment, respectively 

(Figure 6B). EGFR is a tyrosine kinase receptor with elevated 

expression in CRPC that contributes to tumor cell proliferation. 

The free and micellar combination treatment decreased EGFR 

expression by 15% and 29% in PC3 cells following free and 

micellar combination treatment, respectively, in PC3 cells and 

abolished EGFR expression in LNCaP cells (Figures 6A, B, 

and S1). FAK is a ubiquitous non-RTK, which has also been 

implicated the progression of prostate cancer.39 In PC3 cells, 

the free and micellar combination decreased FAK expression 

by 76% and 80%, respectively (Figures 6A and S1). In LNCaP 

cells, free and micellar combination reduced FAK expression 

by 85% and 78%, respectively (Figures 6B and S1).

In addition, we assessed the effect of the combination on 

downstream signaling proteins such as AKT and SRC. In PC3 

cells, the combination treatment abolished AKT phosphoryla-

tion, but overall AKT expression was only moderately affected 

(-10%). Phosphorylation was also completely abolished with 

the micellar combination while AKT expression decreased by 

40% (Figures 6A and S1). In LNCaP cells, the combination of 

free and micellar drugs suppressed phosphorylation of AKT. 

However, total AKT expression was reduced by 88% following 

combination treatment while the micellar combination treatment 

abolished it (Figures 6B and S1). The expression of total SRC 

was reduced by 57% and 69% following free and micellar com-

bination treatment, respectively, in PC3 cells but not in LNCaP 

cells (Figure 6A and B). The phosphorylation of SRC was 

decreased in PC3 cells and abolished in LNCaP cells following 

either free or micellar combination treatment (Figures 6A, B, 

and S1). We also considered the effect of the treatments on 

AR expression in LNCaP cells. LNCaP cells overexpressed a 

mutated AR and were responsive to the low level of androgens 

and other steroids. The combination of sorafenib and nilotinib 

free or micellar abolished the expression of the AR in LNCaP 

cells (Figures 6B and S1) but has no effect on AR expression in 

PC3 cells (Figures 6A and S1). Finally, we assessed the effect of 

the treatments on the activation of caspase-3, a classic apoptotic 

marker. In PC3 cells, an increase in apoptosis was not associ-

ated with a detectable level of active caspase-3. However, free 

and micellar combination treatment of LNCaP cells increased 

active caspase-3 by tenfold (Figures 6B and S1).

sorafenib and nilotinib and combination 
differentially affect nuclear localization of  
the ar
The AR is a DNA-binding transcription factor crucial for the 

expression of multiple genes in LNCaP cells. We evaluated 

the ability of sorafenib and nilotinib treatments to interfere 

with the nuclear localization of the AR in LNCaP cells. In 

vehicle or SMA-treated cells, the AR is distributed throughout 

the cytoplasm and nucleus. Upon treatment with sorafenib, 

AR is altered and essentially localized in the cytoplasm 

(Figure 7). A similar effect was observed following SMA-Sor 

treatment, where SMA-Sor promoted the colocalization of 

the AR with the plasma membrane (Figure 7). Free nilotinib, 

however, failed to alter the nuclear localization of the AR 

but decreased its overall expression (Figure 7). SMA-Nilo 

reduced the nuclear localization of the AR but increased  

its colocalization with the plasma membrane. The combina-

tion treatment, both free and micellar, abolished the nuclear 

accumulation of the AR and promoted its colocalization with 

the plasma membrane.

sorafenib and nilotinib combination 
reduces tumor spheroid viability
We used PC3 and LNCaP tumor spheroid models to further 

assess the effect of free and micellar sorafenib, nilotinib, and 

their combination treatments on the cellular viability. The 

three-dimensional culture model mimics some aspects of the 

in vivo tumor organization, better recapitulating the response 

of the cells to the drug. As shown in Figure 8A and C, cell via-

bility of the PC3 spheroids, as measured by acid phosphatase 

activity, was reduced by 34%, 18%, and 54% following free 

sorafenib, nilotinib, and combination treatment, respectively 

(Figure 8B). The encapsulation of the drugs improved their 

cytotoxicity and decreased cell viability by 47%, 29%, and 

66% following treatment with SMA-Sor, SMA-Nilo, and 

the combination, respectively (Figure 8B). In addition, the 

micellar combination alters cell–cell interaction changing the 

organization of the tumor spheroid (Figure 8A). The LNCaP 

tumor spheroids (Figure 8C) followed a similar pattern. 

Sorafenib and combination treatment decreased acid phos-

phatase activity by 47% and 69%, respectively (Figure 8D). 

However, nilotinib treatment did not affect tumor spheroid 

integrity. The micellar formulations were more potent when 

compared to the free drug treatments and decreased acid 

phosphatase activity by 69.5%, 19%, and 79% following 

SMA-Sor, SMA-Nilo, and the combination treatment, 

respectively (Figure 8D).

combination decreases metastatic 
potential of Pc3 cells
As shown in Figure 6, the combination treatment lowered 

the expression and/activity of proteins essential for cell 

migration and invasion such as EGFR, FAK, SRC, and 

AKT. We, therefore, evaluated the effect of the single 
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Figure 8 Morphologies and viability of Pc3 and lNcaP tumor spheroids after 15 days of treatment with free or micellar sorafenib 2.5 μM and/or nilotinib 3 μM.
Notes: representative photographs of Pc3 (A) and lNcaP (C) tumor spheroids were taken following treatment as indicated. Tumor spheroid viability was measured by 
the activity of acid phosphatase of Pc3 (B) and lNcaP (D) tumor spheroids. *P,0.05 compared to control, **P,0.05 comparing free drug versus micellar treatments, and 
***P,0.05 comparing of free drug versus combination treatments. scale bar denotes 100 μm.
Abbreviation: sMa, poly(styrene-co-maleic) acid.

Figure 7 effect of sorafenib, nilotinib, sMa-sor, sMa-Nilo, and their combination treatment on the expression and localization of the ar in lNcaP cells.
Notes: Cells were treated as indicated and incubated for 48 hours before being subjected to immunofluorescent microscopy with anti-AR antibodies. Scale bar denotes 10 μm.
Abbreviations: sMa, poly(styrene-co-maleic) acid; ar, androgen receptor.
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treatments and their combination, on the metastatic poten-

tial of CRPC cells. First, we used a wound-healing assay to 

determine the effect on cell migration. PC3 cells were grown 

on a culture dish until reaching confluency, then a scratch 

through the cell monolayer was made using a pipette tip. 

Wound healing was assessed 20 hours after treatment with 

sorafenib, nilotinib, or combination treatment. As shown 

in Figure 9A, nilotinib treatment moderately reduced the 

wound closure, while sorafenib and combination treatment 

are more potent. The micellar TKI formulations abolished 

the migration of PC3 cells both alone and in combination 

(Figure 9A). In addition, we used a Boyden chamber coated 

with or without geltrex coating to assess cellular invasion. 

Treatment with sorafenib (2.5 μM), nilotinib (3 μM), and 

combination reduced the invasion by 48%, 41%, and 68%, 

respectively (Figure 9B). The micellar sorafenib (2.5 μM), 

nilotinib (3 μM), and combination slightly potentiated the 

anti-invasive effect, by reducing it by 53%, 50%, and 72%, 

respectively (Figure 9B). These results demonstrated that 

the combination of sorafenib and nilotinib reduced migra-

tion and invasion, and this effect was further potentiated by 

their encapsulation into a micelle. Matrix metalloproteinases 

(MMPs) are essential for migration and invasion; we used 

zymography and Western blot to detect the MMP-9 activ-

ity and secretion in cell culture media. Sorafenib decreased 

MMP-9 activity and secretion by 50%, while nilotinib has 

no effect (Figure 9C). However, the combination decreased 

MMP-9 activity by 69%. SMA-Sor, SMA-Nilo, and the 

micellar combination treatments potentiated the decrease 

of MMP-9 secretion and activity by 62%, 33%, and 86%, 

respectively (Figures 9C and S2). The antiangiogenic effect 

of sorafenib has been demonstrated previously; here, we 

report that sorafenib and combination treatment triggered the 

secretion of ISM-1 (Figures 9C and S2), a secreted antian-

giogenic protein promoting apoptosis in endothelial cells.40 

The secretion of ISM-1, however, was not observed when 

the cells were exposed to the micellar formulations.

Discussion
Despite the emergence of new therapies, CRPC remains an 

important health challenge. The new treatments included 

chemotherapeutic agents such as docetaxel and cabazi-

taxel, dendritic-cell-based vaccine such as sipuleucel-T, 

bone-targeted radiopharmaceutical such as radium-223, 

Figure 9 (Continued)
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Figure 9 antimetastic potential of a combination of free and micellar sorafenib and nilotinib.
Notes: effect of sorafenib, nilotinib, sMa-sor, sMa-Nilo, and their combination treatment on the inhibition of cell migration (A), invasion (B), and angiogenesis (C). Pc3 
cells monolayer was scratched, treated with free or micellar sorafenib 2.5 μM and/or nilotinib 3 μM, and incubated for 20 hours. representative pictures were taken at 0 
hour and 20 hours (A). For cell invasion, PC3 cells were treated as indicated previously. After 20 hours, the cells migrating to the lower chamber were fixed and stained 
with Diff Quick. Representative pictures were taken and number of cell per field were counted. Bars represent the mean ± seM of three independent experiments (B). 
conditioned mediums were collected from cell cultures following 48 hours incubation as indicated previoulsy and analyzed by gelatin zymography for MMP-9 activity and 
Western blot for the expression of MMP-9 and IsM-1 (C). experiments were done in triplicate (n=3). *P,0.05 compared to control, and **P,0.05 comparing of free drug 
versus combination treatments. scale bar denotes 100 μm.
Abbreviations: sMa, poly(styrene-co-maleic) acid; seM, standard error of the mean; MMP, matrix metalloproteinase; IsM-1, isthmin-1; t, time.
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and compounds interfering with the androgen stimulation 

of tumor growth such as AR antagonist (enzalutamide) or 

androgen synthesis inhibitor (abiraterone). The continuation 

of the androgen deprivation is recommended indefinitely for 

mCRPC.41 The amplification of AR was observed in 30% of 

CRPC patients in recurrent tumors but not in the tissue taken 

from the same patient prior to the ADT.42 Treatments such as 

abiraterone acetate/prednisone, enzalutamide, radium-223, 

and docetaxel/prednisone have improved patient survival 

and patient quality of life with moderate toxicity for doc-

etaxel/prednisone.41 While for asymptomatic or minimally 

symptomatic men, sipuleucel-T improved patient survival.41 

These new therapies have ameliorated the overall survival 

of patients from 6–10 months to up to 24 months for cer-

tain therapies.43,44 Despite these clinical improvements, it 

is clear that additional therapeutic advances are needed. 

Recent studies have demonstrated that the progression of 

CRPC and the development of resistance to current treat-

ments were associated with an increased activity of tyrosine 

kinase signaling.45 However, contrary to other cancer types, 

somatic mutations or amplification of tyrosine kinase genes 

have rarely been identified in CRPC patients.45 The lack 

of mutation also suggests that tumors are not addicted to a 

dominant signaling pathway, and likely to promote inter-

tumoral and intratumoral heterogeneity in their response 

to a specific inhibitor. In recent years, the progress in the 

understanding of the essential role played by RTKs in pros-

tate cancer development has led to the assessment of various 

TKIs in clinical trials (for review, see Ojemuyiwa et al46). 

However, TKIs used as single treatments had disappointing 

outcomes. Therefore, more promising strategies have used 

them in combination with other TKIs or chemotherapeutic 

agents.46

We have shown a combination of the two TKIs, sorafenib 

and nilotinib, elicited the greatest cytotoxicity toward PC3 

cells. However, both TKIs are highly hydrophobic, which 

considerably impair their bioavailability in vivo.47,48 The 

nanoparticles developed in this study had a similar size of 

approximately 100 nm and a near neutral charge as well as 

achieved a loading of ~16% for SMA-Sor and SMA-Nilo. 

The size and charge of the micelles are important parameters 

to consider for a prolonged circulatory half-life and desirable 

biodistribution. The elimination of the nanoparticles from 

the circulation is principally mediated by the kidneys and 

the RES. Nanoparticles with an hydrodynamic size greater 

than 5.5 nm escape renal clearance,49 while a size of 100 nm 

or lower is less likely to be recognized and eliminated by the 

RES.50 Moreover, the near neutral charges of the micelles 

reduce its opsonization and recognition by the RES,51 contrib-

uting to an extended presence in the blood circulation. There-

fore, the encapsulation of these drugs into SMA micelles 

improved their solubility and would also reduce metabolism, 

enhance bioavailability, decrease the toxicity to surrounding 

tissues, and promote accumulation in the tumor.

For an effective anticancer treatment, the stability of the 

micelles is an important criterion. The micelles, SMA-Sor 

and SMA-Nilo, were highly stable at physiological pH as 

measured by the low release rate of only 10% after 4 days. 

At a pH comparable to that observed in the proximity of 

a tumor, the release rate was slightly greater, while at a 

lower pH of 5.5 the micelles were less stable and freed a 

greater quantity of the encapsulated drug. The stability of 

these micelles will promote their passive accumulation at 

the tumor site through the EPR effect. All of the currently 

approved nanomedicines rely mostly on the EPR effect for 

their anticancer targeting.37 The aberrant architecture of the 

tumor blood vessels with large fenestrations and the defi-

cient lymphatic drainage contribute to the EPR effect.52 The 

accumulation of the nanoparticles in the tumor interstitium 

will favor their internalization by the tumor cells. We have 

previously demonstrated that the cellular uptake of the SMA 

micelles was mediated by endocytosis via the formation of 

caveolin vesicles.53 Furthermore, the stability and loading of 

the micelles suggest that a high content of both drugs will 

be released into the cytoplasm and allow the drugs to act in 

combination.

We showed that sorafenib and nilotinib reduced cell 

viability and increased apoptosis moderately in PC3 cells 

and strongly in the androgen-sensitive LNCaP cells. The 

cytotoxic effect was potentiated by the combination of both 

drugs while the encapsulation of the drugs, in all treatment 

conditions, triggered a more profound cytotoxic effect. The 

cytotoxicity promoted by sorafenib or nilotinib treatment is 

dependent on their intracellular concentration. Sorafenib is 

transported into hepatocytes by organic cation transporter-1 

and -3 and organic anion transporting polypeptides.54,55 

These transporters are also expressed in CRPC tumors and 

cell lines including PC3 and LNCaP cells.56–59 However, no 

transporter has been identified for nilotinib, suggesting a pas-

sive transport across the cell membrane.25 The cellular efflux 

mechanisms of sorafenib and nilotinib have been reported in 

various studies and involved breast cancer resistance protein 

(BCRP), P-glycoprotein (P-gp), and multidrug resistance 

protein (MRP)-2 for sorafenib only.60–63 Interestingly, while 

there is no basal expression of P-gp reported in these cell 

lines, treatment with a chemotherapeutic agent may induce 
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the expression of P-gp proteins.64 On the other hand, BRCP 

was shown to be expressed in both cell lines, while MRP-2 

was only found in PC3 cells.65,66 One possible explanation 

for the increased cytotoxicity following the combination 

treatment, despite the redundancy of the proteins targeted, is 

that the small TKIs are also known inhibitors of these efflux 

pumps. Nilotinib has been identified as an inhibitor of the 

activity of the P-gp and the BCRP proteins, while sorafenib 

reduces the expression of P-gp proteins.67,68 The higher cyto-

toxicity observed following combination treatment might be 

the result of the inhibition of the efflux of the drugs.

The uptake of the drug-loaded micelles is mediated by 

endocytosis, where internalization is not rate limited. This, 

combined with the inhibition of the efflux mechanisms, may 

promote a higher intracellular accumulation of the drugs 

that is responsible for the inhibition of multiple signaling 

pathways.

Sorafenib and nilotinib are characterized by a broad 

specificity and inhibit the autophosphorylation of multiple 

tyrosine kinases.69,70 Sorafenib was initially developed to 

suppress the Raf/MEK1/2/ERK1/2 signaling pathway by 

inhibiting Raf-171 as well as B-Raf or its mutant (V600E).72 

PC3 and LNCaP cells, however, are characterized by a low 

level of expression of the components of the Raf/MEK1/2/

ERK1/2 protein cascade.73 In addition, the mutation of the 

PTEN protein identified in PC3 and LNCaP cells also con-

tributes to the high basal activity of AKT, which can repress 

the Raf/MEK1/2/ERK1/2 signaling cascade.73 These findings 

suggest that the effect of sorafenib treatment in these cell 

lines is mediated by the inhibition of one or several RTKs. 

We assessed the effect of free and micellar combination 

on the expression of several RTKs and non-RTKs such as 

VEGFR-2, PDGFR, EGFR, and FAK and their downstream 

effector kinases, including SRC, AKT, and AR specifically 

in androgen-sensitive cell lines. These proteins are overex-

pressed or constitutively activated in CRPC and promote 

tumor cell proliferation, survival, and migration. In addition, 

the sensitivity to the single drug treatment differs if the cells 

are androgen sensitive such as LNCaP cells or androgen 

resistant such as the PC3 cells. Multiple mechanisms could 

explain the difference in sensitivity such as the number of 

transporters present on the surface of the cells, the abundance 

of the RTKs, and/or the expression of metabolism and efflux 

proteins. Overall, the encapsulation into SMA potentiated the 

effect of the single drugs, while the combination effect on the 

RTKs and non-RTKs expression followed a similar pattern in 

PC3 and LNCaP cells. The combination of free and micellar 

sorafenib and nilotinib also abolished AKT and SRC activity 

and decreased their expression. AKT and SRC are at the 

crossroads of several signaling pathways including the AR 

and promotes androgen-independent growth of CRPC.74 The 

mutation of PTEN found in LNCaP cells contributes to an 

elevated activity of AKT, which has been shown to synergize 

with the AR in androgen-sensitive cell lines and promote 

prostate cancer progression.75 In addition, the association 

between SRC and the AR has also been demonstrated and was 

dependent on EGFR activity.76 In LNCaP cells, the mainte-

nance of AR activity under androgen deprivation is the result 

of the activation of multiple signaling pathways, including 

RTKs. In our study, sorafenib and nilotinib slightly reduced 

AR expression; however, sorafenib decreased AR nuclear 

localization. The combination of both drugs decreased AR 

expression and also abolished its nuclear localization. The 

treatment with micellar drugs abolishes AR nuclear local-

ization. Interestingly, the profile of expression of AR was 

similar to EGFR in LNCaP cells. We were able to visualize 

AR expression in PC3 cells; however, the expression of the 

AR was not affected by any of the treatment conditions. PC3 

cells are reported to be AR negative; however, several studies 

have demonstrated the expression of AR.77,78 However, AR 

expression appears independent of the activity of tyrosine 

kinase as the inhibition of SRC by the singles and combina-

tion treatments, a known regulator of AR activity in LNCaP 

cells,79 failed to affect its expression in PC3 cells. The role 

of AR in PC3 cells remains elusive. The reduction of the 

activity and expression of these proteins contributed to the 

activation of apoptosis and cleavage of caspase-3 in LNCaP 

cells. However, in all treatment conditions, the cytotoxicity 

and the increase in apoptosis observed in PC3 cells were not 

associated with a detectable level of the cleaved caspase-3. 

Sorafenib was shown to induce caspase-3 cleavage at a higher 

concentration in PC3 cells using immunocytochemistry.80 

In human leukemia cells, sorafenib was shown to promote 

endoplasmic reticulum stress, a process partially indepen-

dent of the activation of caspase-3.81 Furthermore, we used 

tumor spheroid models of PC3 and LNCaP cells to assess the 

cytotoxicity of the free and micellar combination treatments. 

Tumor spheroids are commonly used in vitro to validate the 

drugs’ cytotoxicity before assessing their efficacy in preclini-

cal animal studies. Tumor spheroids mimic to some extent 

the complexity of the cellular interaction observed in vivo.82 

The combination of sorafenib and nilotinib reduced the size 

of the PC3 and LNCaP spheroids, as well as their viabilities 

as measured by a reduced acid phosphatase activity. The 

encapsulation of the drugs further potentiated this effect in 

both cellular models, demonstrating the superiority of the 
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micellar system to deliver a greater cytotoxic concentration. 

Moreover, we assessed the possible antimetastatic drug effect 

of a combination of sorafenib and nilotinib. Treatment with 

sorafenib was previously shown to inhibit the invasion of 

PC3 cells.83 We demonstrated that free or micellar nilotinib 

and sorafenib decreased the migration and invasion of PC3 

cells. However, only the micellar nilotinib reduced MMP-9 

secretion, as assessed by zymography and Western blot. 

Treatment with a combination of free or micellar drugs 

reduced cell invasion and drastically decreased MMP-9 

secretion, suggesting the higher potential of combination 

treatment for the inhibition of metastasis. Sorafenib and 

nilotinib have also been characterized by their antiangiogenic 

properties: sorafenib through its inhibition of VEGFR-2 and 

PDGFR is a potent antiangiogenic agent,84 whereas nilotinib 

interferes with PDGFR signaling and has been shown to have 

antiangiogenic activity.85 Furthermore, we considered the 

effect of the different treatments on the secretion of ISM-1, 

a potent angiogenic inhibitor acting on endothelial cells 

through the receptors αvβ5 integrin and glucose-regulated 

protein 78 kDa (GRP78).40 Interestingly, sorafenib treatment 

and its combination with nilotinib triggered the release of 

ISM-1 from the PC3 cells. However, the encapsulation of 

the drugs into a micelle repressed the secretion of ISM-1. 

These results suggest that endocytosis suppresses the effect 

of the sorafenib on ISM-1 secretion.

Conclusion
In summary, we provided insights into the molecular 

response of a micellar combination of sorafenib and nilo-

tinib in two cellular models of CRPC. Furthermore, we 

demonstrated a clear enhanced cytotoxic effect of the com-

bination of multi-TKIs, therapy, which may provide a way 

to overcome therapeutic escape from single treatment.
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Figure S1 Quantification of Western blot.
Notes: Proteins of interest were normalized to β-tubulin and expressed as percentage of control. *P,0.05 compared to control, **P,0.05 comparing free drug versus 
micellar treatments, and ***P,0.05 comparing of free drug versus combination treatments.
Abbreviations: VegFr, vascular endothelial growth factor receptor; PDgFr, platelet-derived growth factor receptor; egFr, epidermal growth factor receptor; FaK, focal 
adhesion kinase; ar, androgen receptor; sMa, poly(styrene-co-maleic) acid.

Figure S2 Quantification of Western blot and zymograph.
Notes: MMP-9 activity and MMP-9 and IsM-1 expression were normalized to control and expressed as percentage of control. *P,0.05 compared to control, and **P,0.05 
comparing free drug versus micellar treatments.
Abbreviations: sMa, poly(styrene-co-maleic) acid; MMP, matrix metalloproteinase; IsM-1, isthmin-1.
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