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Abstract

The folate receptor (FR) is a valued target that is highly expressed in various cancers, which will 

expedite the development of ligand-receptor binding based cancer therapeutics. In the present 

investigation, through tissue microarray analysis, we report higher levels of folate receptor 

expression in prostate cancer (PCa) tissue derived from patients, which were minimal in normal 

tissue. For folate-receptor based targeted therapy of PCa, we generated novel planetary ball milled 

(PBM) nanoparticles (NPs) encapsulated with resveratrol (RES), and in combination with 

docetaxel (DTX) and conjugated with folic acid (FA) on the surface. The cytotoxic effect of FA-

conjugated DTX-nanoparticles was found too effectual that reduced the concentration of free drug 

(DTX) to 28 times. Flow cytometry analysis showed a significant increase in the number of 

apoptotic cells by 30.92% and 65.9% in the FA-conjugated RES and in combination with DTX 

nanoparticle formulation respectively. However, only 8.9% apoptotic cells were found with empty 

NP. The expressions of NF-kB p65, COX-2, pro (BAX, BAK) and anti-apoptotic (BCL-2, BCL-

XL) genes were significantly reduced after treatment with FA-RES+DTX-NP. In addition, the FA-

conjugated DTX formulation exhibited additional cytotoxic effects with the down-regulation of 

survivin and an increased expression of Cleaved Caspase-3 in PCa cells. Further, we observed that 

treating DTX resistant PCa cells with FA-RES+DTX-NP exhibited a negative effect on the ABC-

transporter markers thereby limiting the multidrug resistance phenotype of the cancer cells. Our 

results strongly suggested that FA coated nanoparticle drugs acted as effective inhibitors of drug 

efflux that effectually enhances the intracellular concentration of the drug to exhibit their cytotoxic 

effect.

Keywords

ATP-Transporter genes; Docetaxel; Resveratrol; Nanoparticles; Drug resistance; Folate receptors

*Corresponding author: Rajesh Singh, Morehouse School of Medicine, Department of Microbiology, Biochemistry and 
Immunology, 720 Westview Drive SW, Atlanta GA 30310, Tel: 404-756-6661, Fax: 404-752-1179, rsingh@msm.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest: None

HHS Public Access
Author manuscript
Cancer Lett. Author manuscript; available in PMC 2019 July 28.

Published in final edited form as:
Cancer Lett. 2018 July 28; 427: 49–62. doi:10.1016/j.canlet.2018.04.017.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Prostate cancer (PCa) is one of the most commonly diagnosed cancers and is the second-

leading cause of cancer-related death in men [1]. Among all newly diagnosed cancers in the 

United States, 15% of men will be diagnosed with PCa in their lifetime. As PCa cells 

depend on androgen receptor (AR) signaling for growth and survival, initial treatments for 

PCa focus on the use of androgen deprivation therapies (ADT) to reduce levels of circulating 

androgens to inhibit tumor growth. This is achieved either through surgery or via bilateral 

orchiectomy to inhibit androgen synthesis by the testes or with medical castration using 

drugs [2].

Historically, PCa was considered moderately resistant to cytotoxic therapy [3]. Docetaxel is 

the primary drug used to treat cancer [4]. It exerts cytotoxicity initiating mitotic arrest and, 

ultimately, apoptosis. However, resistance to docetaxel has emerged in PCa cells, and the 

known mechanisms include that limit of the intracellular drug concentration [3]. Among the 

various studies that were conducted to uncover the potential mechanisms for the 

development of resistance in PCa, over-expression of several ABC transporters was found to 

be responsible for the efflux of chemotherapeutic drugs [5]. Thus, the development of agents 

able to modulate multidrug resistance (MDR) mediated by efflux pumps remained a major 

goal for PCa therapy.

In this context, with the mounting drawbacks of conventional chemotherapy, 

nanotechnology has made emerged as revolutionary in the selective treatment of cancer [6]. 

Although nanoparticle formulations have proven to have the potential in improving the 

therapeutic efficacy of anticancer agents [7], a recent survey showed a median nanoparticle 

delivery efficiency of only 0.7% to the targeted solid tumors [8]. The greater challenges that 

are faced by passive drug treatments include transporting a high concentration of the drug to 

the target site and limiting undesirable systematic adverse effects. However, these hurdles 

could be circumvented through nano-therapeutics that target the cancer cells by permitting 

the preferential accumulation of the drug within selected tissues, individual cancer cells, or 

intracellular organelles that are associated with specific molecules in cancer cells termed as 

“targeted drug delivery” (TDD) [9].

TDD or active targeting is formulated to describe the specific interactions between the drug 

carrier and the target cells, usually through specific ligand-receptor interactions [10]. The 

efficiency of the ligand-receptor binding in active targeting depends on various factors, such 

as a selective expression of the receptor on the surface at the target cells, its availability, and 

the rate of internalization vs the shedding of the receptor following ligand binding [6, 11, 

12]. One such receptor that was highly targeted in nanotherapeutics is the folate receptor, a 

glycosylphosphatidylinositol-anchored cell-surface protein, which is highly expressed in 

many cancer cells [13]. Utilizing this concept, folic acid is now being used to coat the 

nanoparticles because of such advantages as its stability over a wide range of temperatures, 

pH values, cost-effectiveness, non-immunogenic and its ability to bind the folate receptor 

after conjugating with the drug or the diagnostic markers [14].
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In our recent report, we found that RES and DTX combination blocks the cell cycle arrest by 

modulation of key regulators and promotes apoptosis via p53 dependent and independent 

mechanism in PCa [15]. In the present investigation, we present the data showing the 

expression of folate receptor on clinical samples of prostate cancer. The expression of folate 

receptor was exploited in designing a nanoparticle using the combination of RES and DTX 

to treat DTX resistant prostate cancer cells. In addition, we focused on the possible 

mechanisms by which the RES-DTX nanoparticle formulation inhibits anti-apoptotic 

markers and promotes cell death by re-sensitizing the DTX resistant PCa cells.

2. Materials and methods

2.1 Cell lines and cell culture treatment

The human prostate cancer cell lines PC3; C4-2B and LNCaP cells were grown in 

RPMI-1640 media supplemented with 10% fetal bovine serum (FBS), L-glutamine, 

nonessential amino acid, HEPES, 2mM L-glutamine and penicillin/streptomycin antibiotic 

solution (Fisher Scientific, Pittsburgh, PA). RWPE-1 cells were grown in keratinocyte 

serum-free medium (K-SFM), supplemented with 0.05 mg/ml bovine pituitary extracts 

(BPE), 5 ng/ml human recombinant epidermal growth factor (EGF), and penicillin/

streptomycin antibiotic solution (Fisher Scientific, Pittsburgh, PA). All the cell lines were 

maintained in standard condition incubator at 37°C and 5% CO2.

Docetaxel resistant cells were prepared from the parental PC3 cells. The resistant cells were 

generated by gradually increasing the docetaxel concentration starting from 4nM to 40nM 

and were maintained in standard condition incubator for 8 months at 37°C and 5% CO2. The 

docetaxel resistant cells were labeled as PC3-R and were maintained in RPMI-1640 media 

supplemented with 10% fetal bovine serum (FBS), L-glutamine, nonessential amino acid, 

HEPES, 2mM L-glutamine and penicillin/streptomycin antibiotic solution (Fisher Scientific, 

Pittsburgh, PA).

2.2 Materials and reagents

Resveratrol (RES) was purchased from Fisher Scientific (Pittsburgh, PA) and docetaxel 

(DTX) from Sigma (St. Louis, MO). Dimethyl Sulphoxide (DMSO) (Fisher Scientific, 

Pittsburgh, PA) was used to dissolve for both RES and DTX and further diluted with media 

used for cell growth. Soluble starch, Diethyl Ether, Acetone, 4-(dimethyl amino) pyridine, 

Dicyclohexylcarbodiimide were purchased from Fisher Scientific (Pittsburgh, PA) and 

fluorescein sodium salt, folic acid, N-Hydroxysuccinimide ester, Triethyl amine, 

Polyethylene Glycol, Dioxane, N, N’-disuccinimidyl carbonate (DSC), Polycaprolactone, 

and Potassium Bromide was purchased from Sigma (St. Louis, MO).

2.3 PBM nanoparticle formulation method

The milling jar holds heat absorbent zirconium oxide planetary milling balls rotate about its 

own axis as well as in the opposite direction around a common axis of the chamber wheel. 

This produces the rotation of planetary balls and milling of the particles from the macro-

particles containing starch, fluorescein sodium salt and resveratrol or docetaxel alone. The 

controlled centrifugal force was applied by varying the revolution/sec (Ω), jar velocity, the 
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size as well as a number of the zirconium oxide balls, duration and number of cycle control 

the size of particles. More detail is available in Issued Patent US 8,231,907[16].

2.4 Synthesis of N-Hydroxysuccinimide ester-activated folate (NHS-FA)

The carboxylate group of folic acid was activated by N-hydroxysuccinimide (NHS) and 

dicyclohexylcarbodiimide (DCC). Briefly, folic acid (250 μM) and triethylamine dissolved 

in dimethylsulfoxide (DMSO, 2 mL) were reacted with NHS (500 μM) and DCC (500 μM) 

at room temperature for 16 h (folic acid: NHS: DCC molar ratio= 1:2:2). The by-product, 

dicyclohexylurea, was removed by filtration (0.22μm). The dimethyl sulfoxide solution was 

then concentrated under reduced pressure and heating, and NHS-folate was precipitated in 

diethyl ether. The product, NHS-folate, was washed several times with anhydrous ether, 

dried under vacuum, and stored as a powder.

2.5 Preparation of N-Hydroxysuccinimide ester (NHS)-activated folate-conjugated PEG

Briefly, for PEG activation 5g polyethylene glycol (PEG) dissolve in 25 ml of dry dioxane 

and heating in a water bath to solubilize fully the polymer and react with 6 mmol of N, N’-

disuccinimidyl carbonate (DSC) in presence of 6 mmol of 4-(dimethylamino) pyridine in 10 

ml of dry acetone with continuous stirring for 6h at room temperature. Precipitate the 

succinimidyl carbonate (SC)-PEG formed by the addition of diethyl ether until no further 

precipitation was observed (typically 3-4 vol. of solvent), re-dissolve the precipitated 

product in acetone and precipitated again using diethyl ether. For PCL activation, 2gm PCL 

and dry dioxane (6mL) mixed and heated in a water bath and then N, N’-disuccinimidyl 

carbonate and pyridine were added and placed in a shaker to react for 6 hours. Subsequently 

filtered the precipitate with diethyl ether and re-dissolve in acetone and placed to become a 

dry powder. Next, NHS-FA stock solution (148 mM) was added to activate PEG (147 mM) 

in DMSO (5.0 ml), in the presence of triethylamine (4.0 ml), and the mixture was stirred 

overnight. The product was purified by a glass filter (Fisher Scientific, Pittsburgh, PA) to 

remove unconjugated folic acid and lyophilized.

2.6 Characterization of PCa cell-specific PBM nanoparticles

Size and zeta potential of RES-loaded folate-PCL-PEG coated and RES+DTX-loaded 

folate-PCL-PEG coated or uncoated PBM nanoparticles were measured at pH 6.8 using a 

Malvern Zetasizer ZS instrument at a concentration of 0.1 mg/mL(5% mass, assuming a 

density of 1 g/cm3) of nanoparticles.

The morphologies of NPs were examined employing scanning electron microscope (SEM). 

The prepared samples of SEM, PCL-PEG coated NPs were mounted on the stubby a double-

sided adhesive tape followed by coating with platinum–palladium layer and examined by 

JEOL 820 SEM (Tokyo, Japan).

For surface chemistry, Fourier transform infrared (FTIR) spectroscopy was performed. 

Initially, the sample was prepared in the form of a transparent pellet (KBr pellet) combining 

with nanoparticles and potassium bromide (KBr). The FTIR spectra of the RES-free drug 

and folic acid conjugated NPs (FA-RES-NP) were examined using a Nicolet 6700 

spectrometer (Thermo Scientific, USA). Data were analyzed by OMNIC ver.9.2.86 software 
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and collected in absorption mode with 64 background scans and the wave number ranging 

from 4000 to 500 cm−1.

2.7 Immunohistochemistry

High-density tissue microarrays (TMA) slides were procured from US BIOMAX, Inc. 

(Derwood, MD). TMA slides containing clinical samples of 80 cases (77 cases of 

adenocarcinoma, one transitional cell carcinoma, two normal tissue) were diagnosed with 

n=39 (stage II), n=12 (stage III), n=24 (stage IV). First, paraffin-embedded tissue sections 

were deparaffinized in xylene and rehydrated through a graded alcohol series (100%, 95%, 

and 70%, 5 min each), deionized water and phosphate buffer saline (PBS) for 5 min. To 

enhance immunogenicity and epitope availability, we performed antigen retrieval method by 

following the protocol for retrieving all antigens unmasking system from BioLegend, (San 

Diego, CA). Briefly, tissue was incubated for 10 mins in retrieve buffer (BioLegand, San 

Diego,CA) at 92°C then cooled at room temperature for 5-10 mins and rinsed with PBS. 

Endogenous peroxidase was blocked by 3% H2O2. Slide was rinsed with PBST (PBS

+ 0.05% Tween 20) and tissue sections were blocked with normal donkey serum (NDS, 5%) 

for 1h at room temperature and then incubated with rabbit anti-human FOLR1 (1:15), 

(Thermofisher Scientific, Grand Island, NY) antibody at 4°C overnight. After washing 

(1×PBS, three times, 15 min each), tissue sections were incubated with secondary antibody 

donkey anti-rabbit (R&D Systems, Minneapolis, MN) for 1hour at room temperature. After 

washing with PBST, tissue section was incubated with the Streptavidin-horseradish 

peroxidase (HRP, BioLegend) and developed in DAB coloring reagent. The slide was 

counterstained with hematoxylin and dehydrated and mounted. Digital images were captured 

and analyzed using an AperioScanScope scanning system (Aperio Technologies, USA).

2.8 Cell toxicity and viability assay (MTT assay)

Cell proliferation assays were estimated by the MTT (3-(4,5-dimethylthiazol-2yl)2,5-

diphenyltetrazolium bromide) (Sigma, St. Louis, MO) as described previously [15]. Briefly, 

PC3-R growing cells were trypsinised and collected using 0.25% Trypsin-EDTA (Fisher 

Scientific, Pittsburgh, PA) and seeded in 96-well plates at 10,000 cells/well. After 24 hours, 

cells were treated with different concentration of docetaxel (5, 10, 50, 100, 150, 200, 300, 

500 nM) and resveratrol (10, 15, 20, 25, 50, 75, 100, 150, 200 μM) in each well per 

concentration. Cells were incubated for 24, 48 and 72 hours at 37°C and 5% CO2 incubator. 

Cell viability was detected by adding MTT (5 mg/mL) to each well and incubated for 2-3 hr 

at 37°C. The formazan crystals were dissolved in 100 μL dimethyl sulfoxide (DMSO) 

(Sigma), and the absorbance was measured at 570 nm using a spectrophotometer 

(Spectramax M5, Molecular Devices, Sunnyvale,CA). Similar protocol was applied for 

folate conjugated nanoparticles with different concentration of resveratrol (0.5, 1, 3, 5, 10, 

20, 30, 50 μM), docetaxel (0.05, 0.1, 1, 3, 5, 10 nM) and the combination each well per 

concentration. The IC50 (half maximum inhibitory concentration) value was calculated for 

the PC3-R cells. Combination index (CI) was calculated for DTX and RES after determining 

the IC50 values of individual drug using the formula; CI= RES/(RES) × + DTX/(DTX) × + 

(RES)(DTX)/(RES) × (DTX) ×. CI values were tested for synergy (CI<0.9), additive 

(0.9<CI<1.1) and antagonism (CI>1.1), respectively, to determine the effect of drug 

combination [17].
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2.9 Apoptosis Assay

The cells (PC3 and PC3-R) were grown and treated with folate conjugated resveratrol (RES-

NP) and combination (RES+DTX-NP) nanoparticles for 48h. After treatment, cells were 

trypsinized with 0.25% trypsin, and counted using a hemocytometer (Countess II FL, Life 

Technology). Fifty thousand cells were used from each of the cell lines (PC3 and PC3-R) 

and washed in phosphate-buffered saline (PBS) (Fisher Scientific, Pittsburgh, PA). The 

apoptosis was detected by APC Annexin V apoptosis detection kit with PI (BioLegend, San 

Diego, CA) as described previously [12]. Briefly, cells were washed thrice with PBS and 

resuspended in Annexin V Binding Buffer. The apoptotic cells were analyzed using a flow 

cytometer using guava easyCyte HT (EMD Millipore, Billerica, MA).

2.10 Immunofluorescence Assay

For the membrane-bound folate receptor (FR) expression, PCa cells (RWPE-1, PC3, and 

PC3-R) were seeded in 48 well plate overnight at 37°C and 5% CO2 incubator. The cells 

were then washed with cold PBS and stained with FRα primary antibody (Invitrogen, USA) 

followed by secondary staining with Alexa Flour 577 conjugated antibody (R&D System, 

USA) for 40 mins at room temperature. Subsequently, cells were washed with PBS, and 

nuclei were counterstained with DAPI (Invitrogen, USA). To identify the internalization of 

FR from cell membrane to cytoplasm, PC3 and DTX resistant (PC3-R) cells were seeded in 

48 well plate overnight and then treated with a known concentration of folate conjugated 

RES(3μM), and RES+DTX (3μM+0.01μM) nanoparticles combination for 1 h 30 min. Next, 

the cells were washed thrice with PBS and incubated with primary antibody FRα at 4°C 

overnight, washed and stained with Alexa Flour 577 (secondary) for 40 mins at room 

temperature. Post-staining, cells were washed with PBS, and nuclei were counterstained 

with DAPI (Invitrogen, USA). Similar immunofluorescence staining was performed for 

ABCB1, ABCC1 and ABCG2 (Cell Signaling, MA, USA) using PC3 and PC3-R, and for F-

actin cytoskeleton, cells were stained with Phalloidin™ Red 594 solution (1:30) 

(BioLegend, USA) for 20 mins at room temperature. Images were captured using a 

fluorescent microscope with DAPI, FITC/GFP and RFP filter using EVOS FL microscope 

(Thermo Scientific, USA). ImageJ analysis software was used for the orthogonal views of 

NPs treated PC3-R cells.

2.11 Transmission electron microscope (TEM)

In addition to the immunofluorescence studies, uptake and cellular internalizations of NPs 

were examined by transmission electron microscope (TEM). PC3-R cells were treated with 

FA-RES-NP for 48h followed by washing with PBS to remove unbound NPs. The cells were 

then fixed with 2.5% glutaraldehyde in cacodylate buffer (pH 7.2) for 20 mins followed by 

washing twice with PBS and dehydrated in acetone. Subsequently, the samples were treated 

with spur’s low viscosity resin (Sigma Aldrich, USA) and polymerized at 60°C for 48 hours. 

The ultrathin sections of 60nm thickness were cut with an ultramicrotome, stained with 1% 

(w/v) uranyl acetate in alcoholic solution and analyzed by a transmission electron 

microscope (TEM) JEOL 1200EX (Tokyo, Japan)
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2.12 Western blot analysis

To determine the expression of ABC transporters in PC3 and PC3-R cells, the protein’s 

isolation method was followed to our previous publication [15]. However, to see the effect of 

nanoparticles, first cells were treated with folic acid conjugated resveratrol and combination 

(RES+DTX) nanoparticles for 48h. Cells collected were washed with cold phosphate-

buffered saline (PBS) followed by lysis buffer. Briefly, harvested cells were lysed with RIPA 

buffer containing 1X protease inhibitor cocktail (Thermo Scientific, Rockford, IL) and 

centrifuge for 10 minutes at 11000 rpm to collect the supernatants. The protein 

concentration of the samples was determined using the BCA protein assay kit (Thermo 

Scientific, Rockford, IL). An equal amount of cell lysate containing 30 μg of protein was 

analyzed on 4-12% polyacrylamide gels (Life Technologies, Carlsbad, CA). As with our 

previous protocol, transferred PVDF membranes were blocked in TBS-T (20 mM TRIS-HCl 

pH 7.6, 150 mMNaCl, 0.1% Tween 20) (Fisher Scientific, Pittsburgh, PA) and 5% non-fat 

dry milk (Biorad, USA) for 30 minutes at room temperature, then probed with primary 

antibodies overnight at 4°C followed by horseradish peroxidase (HRP) labelled secondary 

antibodies (1:2000 dilution) in TBS-T for 2 h at room temperature. The primary and 

secondary antibody for FRα was purchased from R&D Biosystem (Minneapolis, MN). The 

primary and secondary antibody for pro-apoptotic (BAX, BAK), Cleaved Caspase-3, anti-

apoptotic (BCL-2, BCL-XL, Survivin), NF-kB p65, COX-2, GAPDH, ABCB1, ABCC1, 

ABCG2, were procured from Cell Signaling Technology (MA, USA). The signal detection 

was performed using chemiluminescence (ECL) and Prime Western Blotting detection 

reagent (Fisher Scientific, Pittsburgh, PA). Protein bands were acquired with ImageQuant 

LAS4000 (GE Healthcare-Biosciences, Pittsburgh, PA).

2.13 Quantitative reverse transcription polymerase chain reaction (qRT-PCR)

The method of RNA isolation was followed per our previous publication [18]. Briefly, Cells 

were treated for 48h with a known concentration of folic acid-conjugated nanoparticles as 

described above and lysed with Trizol reagent (Invitrogen, Paisley, UK) followed by the 

standard protocol for RNA extraction. RNA was precipitated and resuspended in nuclease-

free water and quantified at 260 nm wavelength. cDNA was synthesized using 1 μg of RNA 

and reverse transcription super mix for RT-qPCR reagent (Biorad, USA) and followed by 

Bio-Rad PCR condition protocol. Primers for ATP-binding cassette transporter markers were 

synthesized from National Center for Biotechnology Information (NCBI) gene bank 

database. The following sequences of the primers were used; ABCB1: 5′-

TGACATTTATTCAAAGTTAAAAGCA-3′ and 5′-

TAGACACTTTATGCAAACATTTCAA-3′; ABCC1: 5′-

AGTGGAACCCCTCTCTGTTTAAG-3 and 5′-CCTGATACGTCTTGGTCTTCATC-3′; 

ABCG2: 5′-CCGCGACAGTTTCCAATGACCT-3′ and 5′-

GCCGAAGAGCTGCTGAGAACTGTA-3′. RT-PCR was performed using SYBR® Green 

PCR master mix reagents (Biorad, USA) and gene expression analyzed by CFX-manager 

software (CFX96 Real-Time System-Biorad), 18S primer (5′-

GGCCCTGTAATTGGAATGAGTC-3′ and 5′-CCAAGATCCAACTACGAGCTT-3′) was 

used as endogenous control, and the experiments were repeated three times.
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2.14 Statistical analysis

FRα expression intensities in TMAs were tested for normality assumptions using the 

Shapiro-Wilk test. The experimental data were compared using a two-tailed Student’s t-test 

and expressed in the mean ±SEM. The results were analyzed using the Stat view II program 

(Abacus Concepts, Inc.) and were labeled statistically significant if p values < 0.01. Using 

the flow Jo Software, the Kolmogorov-Smirnov (K-S) two-sample test was used to calculate 

the statistical significance of the FRα.

3. Results

3.1 PBM Nanoparticle size and zeta potential distribution

Nanoparticles drug delivery depends on the size, zeta potential and other physiochemical 

properties of the drug formulation. As shown in the Fig. 1A, we determined the size of the 

PBM nanoparticle (RES+DTX-NP) either coated with/without biodegradable PCL-PEG 

copolymer. The size-based nanoparticle is related to the ligand-receptor interaction. 

According to previous reports, nanoparticles with 50 nm size were found optimal for their 

intracellular uptake and were significantly altered when coated with different targeting to the 

same receptor [19]. After coating, the size of FA-RES+DTX-NP combination was found to 

be 36.6 nm while the uncoated was 22.3 nm. Positively charged NPs have been reported to 

have a strong affinity for negatively charged cell membrane and decrease the non-specific 

binding of the cell membrane and PBM NPs [20]. Thus, zeta potential was performed to 

evaluate the surface charge and stability of the nanoparticle that measures the charge 

repulsion or attraction between the particles. Our results indicated that, after coating with 

PCL-PEG, the zeta potential of RES+DTX-NP was reduced to 0.6 mV while it was −40.5 

mV without coating (Fig. 1B). A recent study has shown that positively charged NPs rapidly 

clear from circulation [21]. However, in contrast, neutral NPs or those with insignificant 

negative charge were found to have prolonged circulating half-lifes [21]. As we aim to treat 

tumor cells in which low oxygen tension is associated with increased metastasis, the NPs 

were coated with PCL-PEG to enhance the accumulation time of the functionalized NPs in 

tumors. Moreover, as the reduced zeta potential determines the encapsulation efficiency of 

charged material [22], the result from this study indicated encapsulation competency of RES 

and DTX in the starch composite. In addition, our NPs were spherical in shape (Fig. 1C). 

Experimental evidence showed that the spherical shape of the NPs has extended cellular 

uptake via endocytosis compared to the needle-shaped [23].

FTIR spectroscopy techniques provide structural and functional information based on 

vibration corresponding to the single chemical groups involved in specific reactions [24]. In 

order to confirm, whether or not RES were successfully coated in PCL-PEG, we analyzed 

the vibrational frequencies of chemical groups involved in nanoparticles preparation through 

FTIR. The FTIR spectra of free RES, and FA-RES-NP (Fig. 1D) showed a change in the 

spectral region between 1800 to 1000 cm−1 with a major peak at 1585 cm−1 observed in the 

spectra of free RES. However, FA-RES-NP represents the strong peak at 2885 cm−1 due to 

C-H stretching vibration of starch. Moreover, benzene ring of folic acid represents the peak 

at 1604 cm−1. The sharp peak at 1721 cm−1 corresponding to C=O stretching and the 

presence within the amide group that represents slightly shift of RES when conjugated with 
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NHS-folate. These finding indicated that minor structural changes occurred when PCL-PEG 

attached to the RES.

3.2 Folate receptor expression in human prostate cancer tissue and cells

A membrane-bound protein, folate receptor α (FRα), has a high-affinity binding and 

expression in epithelial origin malignant tumor tissue compared to normal tissue. Although 

the expression of FRα is dependent and associated with different stages and grades of tumor 

tissue [25], it’s functionality in PCa remains indefinite in terms of tumor etiology and 

progression. Thus, in order to test the significance of FRα in PCa, we employed tissue 

microarrays (TMAs) that included 80 cases of PCa patients. Normal, matched, moderately, 

poorly and well-differentiated carcinomas were stained and analyzed for FRα. Furthermore, 

using the AperioScanScope software, hematoxylin (based on nuclear detection) and DAB 

staining, the expression levels of FRα were found to be higher in prostate tumor tissue 

compared to normal matched section. Poorly differentiated carcinomas (stage-IV) were 

diagnosed in 39 cases that displayed comparatively higher expression of FRα than 

moderately differentiated n=12 (stage-II) and n=24 (stage III) carcinomas (Fig. 2A).

Based on the results obtained with clinical PCa tissues, we investigated the expression levels 

of FRα in PCa cell lines (RWPE-1, LNCaP, C4-2b, PC3 and docetaxel-resistant PC3-R) 

using western blot analysis. Among the PCa cells analyzed, PC3-R showed higher 

expression of FRα as compared to PC3 cells (Fig. 2B). This was further confirmed by 

immunofluorescence studies (Fig. 2C) and these observations conveyed that membrane-

bound FRα could be a potential target for FA-conjugated nanoparticles.

3.3 Effect of resveratrol and combination with docetaxel PBM-NPs on cell cytotoxicity and 
viability

In order to investigate the chemotherapeutic effect of FA-RES-NPs and RES-DTX 

combination (FA-RES+DTX-NPs), cell viability assay (MTT assay) was performed (using 

PC3 and PC3-R cells) at different time intervals (24, 48 and 72 h) and compared with free 

drugs RES and DTX that served as control. The IC50 values of the free drugs, DTX and RES 

against PC3-R cells were found to be 280nM and 120μM, respectively. These results showed 

that PC3-R cells were highly resistant and the obtained IC50 values were nearly 28- and 4-

fold higher compared to the parental PC3 cells. However, PC3-R cells had IC50 values, 3μM 

(RES) and 10nM (DTX) when treated with conjugated FA-PBM-NP. To test the collective 

effects of RES and DTX NPs for synergy, the combination index (CI) was calculated 

according to the Chou and Talalay median effect principle [17]. The combination index was 

found to be 0.35 in PC3-R cells when treated with 3μM RES and 10nM DTX after 48 h of 

treatment. Our data suggest that the synergistic effect of RES+DTX was more efficient in a 

PC3-R cell line after 48 h of treatment. These results showed that the chemotherapeutic 

effect of FA-conjugated DTX and RES in nanoparticles was enhanced by 28- and 40-fold, 

respectively compared to the activity of their free drugs. These results indicate dose and time 

dependency of PC3-R cells, and RES could re-sensitize these DTX resistants PCa cells 

either alone or in combination with DTX.
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3.4 PBM nanoparticles induce apoptosis in docetaxel-resistant prostate tumor cells

As our cell viability study suggested that FA-RES-NP and FA-RES+DTX-NPs perform at a 

time and dose-dependent manner on PC3-R cells, we sought to determine if the designed 

NPs could possibly lead to induction of apoptosis. Thus, PC3 and PC3-R cells were 

subjected to effective drug concentrations obtained with MTT assay and subjected to flow 

cytometry analysis after 48 h of treatment. As shown in Fig. 3, the early and late apoptotic 

cells were increased by 47.3% and 18.6% when treated with FA-RES+DTX-NP (3μM 

+0.01μM), compared to 21.3% and 9.62% with FA-RES-NP alone in PC3-R cells. Further in 

PC3 cells, FA-RES+DTX-NP could lead to 50.6% apoptosis (early and late) while it 

remained at 21.09% (early and late apoptosis) with RES-NP. However, in control, only a 

total of 8.9% cells were found to be apoptotic when treated with empty starch nanoparticles. 

These results clearly indicate that FA-conjugated RES-NP induces apoptosis in DTX-

resistant PC3-R cells similar to that of the parental PC3 cells.

3.5 Immunofluorescence staining of targeted PBM nanoparticle in PCa cells

To investigate the cellular uptake and effluxes of FA-conjugated PBM nanoparticles in PCa 

cells were treated with FA-RES-NP (3μM) and FA-RES+DTX-NP (3μM, 0.01μM) for 1 h 

30 mins and subjected to immunofluorescence studies. As shown in Fig. 4A, orthogonal 

projections (Z-stack) indicated the presence of PBM nanoparticles inside the cells. These 

results demonstrated that the FA-conjugated formulation of RES and DTX NPs could 

increase the intracellular concentration of the drugs from the cell membrane to the 

cytoplasm probably due to the receptor-mediated endocytic pathway. From these 

observations, it could be inferred that the FA-conjugated RES could counteract the MDR 

efflux pumps and thus enhance the internalization of the drugs and could be the best 

approach to treat patients with PCa resistant to DTX therapy.

Using transmission electron microscopy (TEM), the morphologies of the NPs were further 

confirmed that the desired morphologies were obtained. In addition to this, TEM images of 

the cells treated with NPs conjugated with RES and DTX as well as control cells were taken 

and compared. As shown in the Fig. 4B, the cells treated with NPs had irregularly shaped 

morphology compared to the control cells which had a smooth surface.

3.6 Folic acid conjugated PBM nanoparticles modulate pro- and anti-apoptotic, pro-
survival and inflammatory markers in DTX resistance PC3-R cells

To evaluate the effect of FA-conjugated RES and DTX-RES on apoptosis, the expressions of 

pro-apoptotic and anti-apoptotic markers in drug resistance cells (PC3-R) were determined 

using a western blot assay. As shown in the Fig. 5A and 5B, cells treated with FA-RES

+DTX-NP (3μM, 0.01μM) for 48 h showed down regulation of anti-apoptotic markers 

(BCL-2, and survivin) compared to RES-NP alone while BCL-XL was marginally 

downregulated. Further, the expression of pro-apoptotic markers (BAX, BAK) and cleaved 

caspase-3 was upregulated when treated with FA-RES+DTX-NP. These results clearly 

demonstrate that FA-conjugated-RES+DTX-NP is effective in targeting the FRα and induce 

apoptosis.
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Further, to confirm the synergistic effect of combination (RES+DTX), the treated cells were 

analyzed for the expression NF-kB p65, a marker that is known to contribute to cell survival, 

progression, and proliferation of the tumor cells by regulating the expression of various 

genes. Our results showed that the combined treatment of FA-conjugated RES and DTX 

nanoparticles effectively downregulated the expression of NF-kB p65, thereby affecting the 

expression of proliferation and inflammatory markers (COX-2) associated with NF-kB 

pathway (Fig. 5C).

3.7 Expression of ATP-binding cassette transporters in PC3-R cells

Acquired drug resistance is the major challenge in PCa cells. Current evidence suggests that 

the overexpression of ABC-transporters is responsible for increased drug efflux of various 

chemotherapeutic drugs [5]. As anticipated, western blot analysis and immunofluorescence 

staining showed elevated expression levels of ABCB1 (MDR1 or P-glycoprotein), ABCC1 

(MRP1) and ABCG2 (BCRP or MXR) transporters in DTX resistance cells (PC3-R) 

compared to PC3 (Fig. 6A and 6B). Upon treatment of the PC3-R cells for 48 h with FA-

conjugated RES and FA-RES+DTX-NP, the expression levels of these marker genes were 

reversed (Fig. 6C). We found that FA-RES+DTX-NP could interact with ATP-binding 

cassette and inhibit their activity by blocking the efflux pump. These results strongly 

suggested that NPs coated drugs acted as inhibitors of drug efflux and effectually enhanced 

the intracellular concentration of the drug through the alteration of the MDR activity and re-

sensitizes the PC3-R cells to DTX treatment.

3.8 Validation of altered ATP-binding cassette transporter expression at the mRNA level in 
docetaxel resistance PC3 cells

Several cell survival and transcriptional factors are involved in DTX resistance in PCa that 

alters the MDR gene and mediates the drug efflux [11, 26]. To identify the expression of 

MDR that belongs to ATP-binding cassette (ABC) transporters, RT-PCR was conducted in 

PCa cells. As shown in the Fig. 7, the ABCB1, ABCC1 and ABCG2 gene was found to be 

the highly upregulated in DTX resistance (PC3-R) cells. However, upon treatment with FA-

conjugated PBM nanoparticles expression was significantly downregulated in ABCB1 

(1.87and 3.0), ABCC1 (1.42 and 2.7) and ABCG2 (2.78 and 3.70) respectively in FA-RES-

NP, FA-RES+DTX-NP for 48 h as compared to PC3-R cells. Our data strongly suggested 

that ABC markers were overexpressed in DTX resistant PC3-R cells and were blocked when 

used FA-conjugated-NPs. Collectively, our nanoparticles downregulate MDR genes and 

reverse docetaxel resistance in PC3-R cells.

4. Discussion

Presently, prostate cancer (PCa) is the aggressive malignant tumor and ranks in the second 

most common and the sixth leading cause of cancer deaths in men worldwide [27]. Although 

PCa initially responds to hormonal therapy, its resistance to these is inevitable. Among the 

chemotherapeutic agents for cancer treatment, docetaxel (DTX) was the mainstay and has 

contributed to the improved survival of men with metastatic castration-resistant PCa [4]. 

However, its effectiveness has been limited due to the resistance development to this drug 

whereby 50% of the men do not respond to the DTX therapy [4, 28]. It is, therefore, 
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reasonable to expect further improvement in enhancing the efficacy of this potential drug 

(docetaxel) when it is combined with other therapeutics to treat PCa [29]. Due to differences 

in the pharmacokinetics of the combined drugs, it’s therapy remains unsatisfactory. 

Nevertheless, a promising approach to circumvent the drug efflux system and improve the 

effects of the drug combination is the use of a nanocarrier to deliver the drugs to the targets 

in cancer cells [30]. We recently reported the resveratrol-docetaxel combined modulatory 

effects on several apoptosis-related proteins in PCa [15]. Consider for the combined 

chemotherapeutic effect of these two compounds, we used the receptor-based targeted 

delivery approach using planetary ball milling (PBM) nanoparticle, that could enhance the 

bioavailability of resveratrol (RES) and DTX to treat advanced metastatic PCa [16]. As 

shown in the results, neither DTX nor RES alone could cause significant inhibition of the 

drug-resistant PCa cells. By contrast, the composite nanoparticle with both DTX and RES 

could overcome MDR and significantly inhibit cell growth.

Resveratrol (3,4,5-trihydroxystilbene), a polyphenolic phytoalexin commonly available 

through several plant sources has been shown to possess antitumor effects by inducing 

apoptosis, cell cycle arrest, and the suppression of certain transcription factors in cancer 

cells [30]. Moreover, RES was found to be a promising chemopreventive molecule due to its 

antioxidant, anti-inflammatory and growth inhibitory effects [31]. Thus, combining RES 

with other drugs such as DTX can be advantageous by reducing its cytotoxicity (of DTX) 

without additional side effects in vivo[30]. However, the efficacy and appropriateness of 

RES remained inconsistent because of its bioavailability due to quick absorption and 

metabolism in the in vivo system [32]. Such issues could be solved by encapsulating the 

drug with nanocarrier coated with PCL-PEG copolymer for its sustained release and 

enhance its bioavailability. Being used as devices for delivery of drugs, polymers such as 

PCL and PEG in combination are used in tissue engineering applications [33]. In addition, it 

is also evident from the cell culture studies that PCL-PEG copolymer exhibited higher 

hydrophilicity and degradability compared to PCL polymer[33]. Based on this evidence, a 

coating of RES and DTX with PCL-PEG can enhance the bioavailability of the sustained 

action of these anti-cancer drugs.

Among the various unique proteins (expressed by cancer cells) that were used as targets in 

cancer, we aimed at the folate receptor (FRα) for the delivery of nanoparticles, which is 

overexpressed on the plasma membrane of PCa cells in addition to other types of cancer 

[13]. In our study on PCa cells, we observed that PC3 and PC3-R had a higher expression of 

FRα in contrast to LNCaP, C4-2B, and RWPE-1 cells, as a result PC3 and DTX resistant 

PC3-R cells were selected for targeted delivery of folic acid (FA)-conjugated nanoparticles. 

A similar finding of FRα expression in PC3 cells was reported in PCa [34]. Despite the 

many nanocarriers have been employed to treat FRα[35], none of them have considered FA 

as the target to deliver such chemotherapeutic agents such as DTX and/or RES in PCa. In 

this regard, we generated the FA conjugated PBM-nanoparticles of either RES/DTX 

individually and in a combination with both. Immunofluorescence staining of the cells 

revealed internalization of the FA-conjugated nanoparticles from cell membrane to the 

cytoplasm. To our knowledge, this is the first study to employ FA as a receptor in using the 

combination of DTX and RES PBM nanoparticles.
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In cancer, multidrug resistance (MDR) is a phenomenon that occurs when cells become 

resistant to structurally-unrelated chemotherapeutic compounds [36]. Among the various 

mechanisms that are responsible for MDR, active effluxes of the chemotherapeutic drugs 

through ABC transporters play a major role in cancer cells in resisting chemotherapy [37]. 

Several studies conducted on over-expression of ATP-binding cassette transporter genes, 

ABCB1 (P-gp or MDR1) and ABCC1 (MRP1) were found to be responsible for 

chemotherapeutic drug resistance in PCa[5]. Similar observations were made in the current 

study where ABCB1, ABCC1, and ABCG2 were found to be overexpressed in DTX 

resistance cells (PC3-R) that we generated.

The drug resistance mechanism through ABC transporters (ATP-binding cassette) induces 

several signaling molecule in PCa is shown in Fig. 8. Tremendous efforts have been made in 

discovering and synthesizing inhibitors for efflux pumps to re-sensitize resistant cancer cells 

to chemotherapeutic drugs. One of the few strategies that were successful in inhibiting the 

active efflux of ABC transporters is the encapsulation of drugs with nanoparticles [30, 38, 

39]. In the present study, we, interestingly, found that the combined treatment inhibited the 

growth of the DTX resistant PC3 cells by down-regulating the ABCB1, ABCC1 and 

ABCG2 genes at both protein and mRNA levels. As RES combined with paclitaxel was 

found to modulate the expression of MDR in drug-resistant MCF-7 breast tumor cells [30], 

we hypothesize that the anticancer and inhibitor activity of RES associated with the 

cytotoxic activity of DTX has led to increased cell death in DTX resistant PC3 cells.

Strategies for effective delivery of the drugs combined with NPs to target cells could be 

achieved by studying the interaction mechanisms between the cancer cells and NPs [8]. 

Among the several approaches, targeting of cancer cells through specific interaction between 

the NPs and the target cells could be more effective. In the present investigation, we selected 

the folate receptors that are specifically expressed on cancer cells for which were designed 

the NPs combined with anticancer agents. The successful uptake of the drugs combined with 

NPs was clearly confirmed through our TEM and FTIR studies. In addition to this, the 

cytotoxic effect of DTX and RES inducing apoptosis in cancer cells further confirmed the 

effectiveness and success of targeting folate receptors in eliminating cancer cells.

In our study, we found that the treatment of FA-conjugated-RES-NP and the combination 

(FA-RES+DTX-NP) significantly down-regulated the expression of anti-apoptotic markers 

(BCL-2, BCL-XL). In contrast, apoptotic markers such as BAX, and BAK were upregulated. 

In the present investigation, we showed that the target delivery of RES and DTX-NP 

combined to suppress the expression of NF-kB p65, which plays a prominent role in 

promoting apoptosis. It is well established through previous studies that the activation of 

NF-kB p65 elevates the level of inflammatory markers. The modulation of COX-2 through 

NF-kB leads to cancer progression, proliferation, angiogenesis, tumor invasion and blocking 

resistance [12, 40]. The results of the present investigation showed that FA-RES-NP blocked 

the upregulation of COX-2 in PCa regulated by NF-kB p65, thereby preventing the growth 

of the prostate cancer cells.

Apoptotic pathways depend upon the expression of caspases-related proteins, inhibitors of 

apoptosis and BCL-2 family genes. Survivin, a member of the inhibitor of apoptosis (IAP) 
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protein family that inhibits caspases and blocks cell death is highly expressed in most 

cancers and is associated with a poor clinical outcome [41]. RNA interference studies have 

shown that elevated expression levels of survivin blocks the cell cycle arrest and inhibit 

apoptosis by binding to caspase 3 and 7 proteins [42, 43]. It has been previously found that 

RES inhibit the expression of survivin and elevate the expression of caspase proteins in 

human gastric cancer cells [44]. Although the apoptosis and its inhibition are regulated 

through different pathways and mechanism in varied cancers, we found that FA-conjugated 

RES nanoparticle is effective in promoting apoptosis by inhibiting survivin in prostate 

cancer. In addition, we also found that combination of RES with DTX-NP could promote the 

DTX resistant PCa cells susceptible. This evidence provides new insight into treating DTX 

resistance cancer cells in which the cell growth is regulated through survivin inhibition of 

apoptosis. This study has been supported by several reports [45–47].

In conclusion, this study found that several clinical PCa tissues display elevated expression 

of folate receptor. In addition, we also made a novel observation that folate receptor is 

expressed differentially in PC3 cells and to specify to a higher extent in DTX resistant PCa 

cells, which needs to be explored further. Mechanistically, we showed that FA-conjugated 

RES-DTX nanoparticle formulation targeting the folate receptor could decrease PCa cell 

proliferation by regulating apoptosis and anti-apoptotic pathways as well as the MDR efflux 

proteins. The findings from the study showed that the FA-RES+DTX nanoparticle 

combination could be effective in treating DTX-resistant and folate receptor expressing 

cancers. This evidence provides a new perspective for the clinical application of 

nanoparticle-mediated RES and DTX combination for cancer prevention.
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Abbreviations

FR folate receptor

PCa prostate cancer

NPs nanoparticles

RES resveratrol

DTX docetaxel

PBM planetary ball milled

FA folic acid

FA-RES-NPs folic acid conjugated resveratrol nanoparticles

FA-RES+DTX-NP folic acid conjugated resveratrol and docetaxel nanoparticle

AR androgen receptor
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ADT androgen deprivation therapies

MDR multidrug resistance

EPR enhanced permeability and retention

MTT 3-(4,5-dimethylthiazol-2yl)2,5-diphenyltetrazolium 

bromide

PCL polycaprolactone

PEG polyethylene glycol
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Highlights

1. Clinical samples of prostate cancer (PCa) express higher levels of folate 

receptor

2. Docetaxel resistance prostate cancer cells overexpress folate receptor and 

ATP-binding cassette transporters.

3. Folic acid conjugated resveratrol and docetaxel nanoparticles downregulate 

BCL-2, BCLXL and survivin while inducing BAX, BAK, and Caspase-3

4. Folic acid nanoparticle drugs are recommended for treating docetaxel 

resistance PCa.
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Fig. 1. Characterization of prostate cancer cell-specific PBM nanoparticles for charge, size, 
morphology and surface chemistry
Resveratrol and docetaxel encapsulated; folic acid conjugated PCL-PEG coated and 

uncoated nanoparticles (A) size and (B) zeta potential (measured using a Malvern Zeta Sizer 

NS instrument). (C) Scanning electron microscope showing surface morphology of PBM 

nanoparticles coat with platinum–palladium layer. (D) Fourier transform infrared spectrum 

of synthesized resveratrol PBM nanoparticle and free resveratrol. The data were collected in 

absorption mode with 64 background scans and the wave number ranging from 4000 to 500 

cm−1.
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Fig. 2. Folate receptor expression in human prostate cancer tissue and cells
(A) Prostate tissues from normal, matched, moderately, poorly and well-differentiated 

carcinoma stained with anti-folate receptor-α (FRα) antibody and DAB staining. An Aperio 

ScanScope CS system with a 40× objective was used to capture digital images of each 

tissue. (B) Immunoblot expression of the anti-FRα antibody in RWPE-1, LNCaP, C4-2B, 

PC3 and PC3-R cells. GAPDH antibody was used as a loading control for all the samples. 

(C) Expression of folate receptor in PCa cells (immunofluorescence staining using anti-FRα 
antibody); Red: indicates the expression of FRα; Blue: Nuclei counterstained with DAPI, 

and images captured at 40×. Scale bar, 50 μm.
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Fig. 3. PBM Nanoparticle-mediated apoptosis of prostate tumor cells
Flow cytometric analysis of Annexin V-FITC and PI-stained PC3 and PC3-R cells treated 

with FA-conjugated RES-NP (3μM) and RES+DTX-NP (3μM+0.01μM) for 48 h. The 

numbers in quadrant indicate the percentage of Q1 (necrotic): (Annexin(−)/(PI(+), Q2 (late 

apoptotic): (Annexin(+)/(PI(+), Q3 (viable): Annexin(−)/(PI(−) and Q4 (early): (Annexin(+)/

(PI(−) cells respectively. Data shown are the representative mean of three independent 

experiments.
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Fig. 4. Z-stack orthogonal projections images to evaluate the targeted nanoparticle in prostate 
cancer cells
(A) Immunofluorescent staining of PCa cells treated with different dosages of green 

fluorescein labeled FA-conjugated RES-NP (3μM) and RES+DTX-NP (3μM+0.01μM) 

(Cells were immunostained with the anti-FRα antibody). Cells treated with NPs were 

detected by GFP and RFP (FRα), represented as green and red colors respectively. Nuclei 

were counterstained with DAPI (Blue). The orthogonal projections showed an abundant 

number of internalized combined nanoparticle (green) through folate receptor in PCa cells. 

Scale bar, 50 μm. (B) Internalization of PBM nanoparticles in docetaxel-resistant PC3-R 

cells treated with FA-conjugated RES-NP (3μM) and RES+DTX-NP (3μM+0.01μM), for 48 

h and analyzed by TEM. The red arrow heads indicate the PBM nanoparticles within the 

cells.
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Fig. 5. Immunoblot detection of prostate cancer cells targeted by using PBM nanoparticle and 
the expression of pro- and anti-apoptotic, pro-survival and proliferation markers
Expression of (A) pro-apoptotic (BAX, BAK) and Cleaved Caspase 3 proteins (B) anti-

apoptotic (BCL-2, BCL-XL) and survivin proteins (C) pro-survival and inflammatory 

markers (NF-kB p65, COX-2) in PC3 and PC3-R cells treated with FA-conjugated (RES or 

RES+DTX) for 48 h. As an internal standard for equal loading blots was probed with a 

GAPDH antibody for each sample.
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Fig. 6. Down-regulation of ATP-binding transporter reverses docetaxel resistance in PC3-R cells
(A) Immunoblots (B) immunostaining for ABCB1(MDR-1), ABCC1(MRP-1) and ABCG2 

expression in PC3 and PC3-R cells. Cells were detected by a microscope using GFP and 

Texas Red filters, represented as green (ATP-binding transporter) and red (Phalladoin) colors 

respectively. Nuclei were counterstained with DAPI (Blue), detected by DAPI filter. Scale 

bar, 50 μm. (C) Expression levels of ABCB1(MDR-1), ABCC1(MRP-1) and ABCG2 

protein in PCa cells treated with FA-conjugated RES (3μM) and RES+DTX-NP (3μM
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+0.01μM) for 48 h. As an internal standard for equal loading blots were probed with a 

GAPDH antibody for each sample.
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Fig. 7. Validation of ATP-binding transporters on mRNA in prostate cancer cells
mRNA expression levels of the indicated genes in PC3-R cells quantitated by real-time RT-

PCR treated with nanoparticles for 48 h. The expression levels of ABC transporter genes are 

represented by a fold change relative to control cells. Data were normalized to the levels of 

the housekeeping gene 18S expression, and the experiments were done in triplicates and 

repeated three times. Data are presented as the Mean±SEM, and asterisks indicate 

significance determined by student t-test (*P < 0.01).
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Fig. 8. Drug resistance mechanism through ABC transporters (ATP-binding cassette) induces 
different signaling molecule in prostate cancer
The active efflux of the chemotherapeutic drugs through ABC transporters plays a major 

role in cancer cells in resisting chemotherapy. The figure summarizes the mechanism by 

which ATP-binding cassette transporter genes, ABCB1 (P-gp or MDR1), ABCC1 (MRP1) 

and ABCG2 were overexpressed in docetaxel (DTX) drug resistance PCa cells. The 

encapsulation of resveratrol in nanoparticles can accumulate within the cells without being 

recognized by ABC transporters and release the drugs by lysosomal degradation modulating 

apoptotic pathway with the up-regulation of pro-(BAX, BAK) and down-regulation of anti-

apoptotic (BCL-2, BCL-XL) molecules in the tumor cells. Inhibiting the expression of 

survivin (an attractive target in cancer therapy) activates effector Caspases (Caspase-3) that 

results in re-sensitizing the cells to apoptosis. Moreover, the binding of NPs to the 

transcriptional factor such as NF-kB inhibits the expression of various genes contributing 

cell survival, progression, and proliferation of the tumor cells. This, in turn, affects the 

expression of proliferation and inflammatory marker (COX-2) associated with NF-kB 

pathway and induces apoptosis by inhibiting drug resistance PCa cells.
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