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Abstract
The drug delivery potential of lipid and polymer based nano-carriers to achieving greater drug bioavailability has driven a renewed
interest in their uptake mechanisms employed and movement within cells. Therefore, present study was designed to formulate resveratrol
(Res) loaded Solid Lipid Nanoparticles (SLNs) as novel prototypes for prostate cancer treatment, to characterize and to assess the targeted
and controlled delivery attributes of SLNs in human prostate cancer cells. The SLNs were prepared by a solvent diffusion evaporation
method and characterized with respect to morphology, particle size and zeta potential, encapsulation and loading efficiency and  in vitro
release studies. Further, various process parameters were optimized for Res-loaded SLNs to obtain higher drug loading and entrapment
efficiency with less than 200 nm uniform dispersity. The effects of free resveratrol (Res) and Res loaded SLNs (Res-SLNs) on internalization,
cell uptake, viability, nucleosomal morphology, DNA fragmentation and Bcl-2 level was evaluated and compared with free Res on prostate
cancer cells (PC-3). The immunofluorescence assay suggests that SLNs with a size lower than 175 nm showed rapid movement through
cell membrane, distributes throughout the cytosol and moves successively among different cellular levels with minimal and acceptable
cytotoxicity. The release profile of Res showed a bi-phasic pattern, showing its distribution in SLNs. The Res in solution was seen slightly
cytotoxic and cytotoxicity was increased after encapsulating it in SLNs. Collectively, delivery of Res through SLNs contributes to
effectiveness of Res on decreasing cell proliferation, with potential of inducing selective apoptosis of prostate cancer.
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INTRODUCTION

Prostate Cancer (PC) is the most commonly diagnosed
solid malignancy and second leading cause of cancer-related
mortality in the population living in developed countries
(Pathak et al., 2005). It is evident and apparent from the
studies carried out that predisposing factors for prostate
cancer condition are the androgens, genetic susceptibility and
environmental exposures, such as diet (dietary fat and low
anti-oxidant compounds) play a crucial role in in prostatic
carcinogenesis (Fleshner and Klotz, 1998). Above-stated risk
factors eventually lead to generation of oxidative stress and
free radicals within prostatic cells. The oxidative stress is the
crucial player for the initiation and development of prostate
cancer pathology (Lin et al., 2010; Alqahtani and Kaddoumi,
2015; Antwi et al., 2015). The impaired balance between
production and clearance of Reactive Oxygen Species (ROS) or
Reactive Nitrogen Species (RNS) may result into prostate
cancer pathology. Reactive Oxygen Species (ROS), such as
hydrogen peroxide (H2O2), superoxide anion radical (O2) and
the hydroxyl radical (OHC) is an entire class of highly reactive
molecules derived from metabolism of oxygen. The ionizing
radiations  and  chemicals  (Garcia-Ruiz  et  al.,  1995)  have
been  used  in  many  human  degenerative  diseases,  such  as
ageing, cancer, Huntington’s disease, cardiovascular disease,
mutations and neurodegenerative ailments, Alzheimer’s and
Parkinson’s (Finkel and Holbrook, 2000). The H2O2 is known to
modulate diverse cellular functions in vivo by producing
hydroxyl radicals by DNA and metal ions interaction.
Hydrogen peroxide induces DNA and cell damage by lipid
peroxidation (Ueda and Shah, 1992). The apoptosis and
necrosis have different impacts on cellular physiology, the
cellular response to H2O2 is in continuum from apoptosis to
necrosis (Gardner et al., 1997) i.e., high concentration leads the
cells to be necrotic and converse is applicable to apoptosis
(Lennon  et  al.,  1991).  The  antioxidant  defense  system  of
our   body   including   glutathione,   superoxide   dismutase
and   catalase,  renders  protection  against  oxidative  stress
(Mohanty et al., 2014).

Antioxidants are very useful for chemoprophylaxis of
prostate cancer by evoking immune and regulate the
production of free radicals. The super-oxide (antioxidant) gets
accumulated in ageing body and plays an important role in
causing prostate cancer pathogenesis (Torricelli et al., 2011).
The supplementary antioxidants can be exogenously obtained
from animal and plant sources; however, those obtained from
plant origin are of enormous interest due to their easy
availability and potent antioxidant activity (Carlsen et al.,
2010).  The  relevance  of  antioxidants  is  surfaced  by  the
study reported earlier (La Vecchia et al., 2001), which

suggested that persons consuming diet rich in fruits and
vegetables are less prone to developing cancer.

Resveratrol (3,4 ,5-trihydroxy-trans-stilbene) is one such
poly-phenolic   antioxidant,   common   constituent   of   red
wine and has been detected in more than 70 plant species
(Johnson et al., 1994) and is reported to possess many
biological activities for human cancer treatment (Bishayee,
2009). There are very recent reports, which have reportedly
shown usefulness of resveratrol in preventing and treating
prostate  cancer  (Fraser  et  al.,  2014;  Mitani  et  al.,  2014;
Empl et al., 2015). Apoptosis is an active cell death mechanism,
which occurs during cancer pathologies (Kobori et al., 1999;
Wang et al., 1999; Iwashita et al., 2000). There are two
underlying pathways to induce apoptosis; death-receptor and
mitochondrial pathway mediated by caspase-8 and caspase-9,
respectively. Eventually, both pathways converge to activate
effecter  caspase-3 (Chandra et al., 2000; Zimmermann et al.,
2001;  Cain  et  al.,  2002;  Mathiasen  and  Jaattela,  2002)  to
induce  programmed  cell  death.  Pro-apoptotic  (bax)  and
anti-apoptotic (bcl-family) differential expression determines
the inherent susceptibility of cells that respond to apoptotic
signals. The bax and bcl-2 are crucial proteins of bcl-2 family
and ratio of bcl-2/bax plays an instrumental role in the
regulation of apoptosis (Tjalma et al., 2001).

The present study exploit the therapeutic potential of
resveratrol in conferring robust immunity against prostate
cancer. However, effective delivery of resveratrol to the
targeted sites has been a challenge due to poor solubility,
instability and poor bioavailability due to its extensive
metabolism in liver and intestine (Walle, 2011). Thus, there is
an increasing need to use novel drug delivery systems, such as
Solid  Lipid  Nanoparticles  (SLNs)  to  deliver  antioxidants.
They are an emerging drug delivery system due to their
advantages  over  others  such  as  low  cost,  ease  of
production, biocompatibility, non-immunogenicity, targeted
and  sustained  delivery.  This  study  is  designed  to  evaluate
anti-cancer and anti-apoptotic activities of resveratrol in
prostate  cancer  cells  (PC-3).  Further,  resveratrol  loaded
onto solid lipid nanoparticles have shown the improved
bioavailability, efficacy and therapeutic potential in treating
prostate cancer.

MATERIALS AND METHODS

Chemicals: Trans-resveratrol (RSV, >99% pure) was procured
from Sigma, Germany. Solid lipids Stearic Acid (SA) and
tristearin were purchased from Qingdao Huatuo Chemicals
Co., Ltd. Phospholipid 90G was obtained as gift sample from
Lipoid, Germany. All other chemicals were of analytical grade
and purchased from local vendors.
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Preparation   of   resveratrol   loaded   SLNs   (Res-SLN):
Resveratrol loaded SLNs were prepared by solvent diffusion
evaporation method. Briefly weighed amount of drug and
solid lipid mixture (SA: tristearin) with phospholipid 90 G 1:1
was dissolved in 6 mL of acetone:ethanol (1:1) mixture by
heating at 60-70EC. The heated organic phase was mixed drop
to drop into aqueous phase (1% tween 80) solution containing
Dextran Sulfate (DS) on the constant magnetic stirring. The
organic phase was then allowed to evaporate for 5-6 h at
ambient temperature. The lipidic nano-suspension was
centrifuged at 20,000 rpm for 1 h to separate nanoparticles.
The obtained pellet was washed twice with distilled water and
suspension was centrifuged. Various process variables for the
preparation of SLNs were optimized to acquire a final
formulation  with  small  particle  size  (<200  nm),  narrow
Poly-Dispersity Index ((PDI), <0.5) and maximum drug loading
with high entrapment efficiency (>70%). The final washing of
the pellet followed the dispersion of it in minimum amount of
water to be lyophilized.

Characterization of Res-SLNs
Size, PDI and surface morphology: The size and
polydispersity index (PDI) of SLNs was determined with
Malvern Zetasizer (Malvern Zetasizer, UK). Briefly, small
amount of nano-suspensions was diluted 10-20 times and put
in the capillary cell for measurement of size and PDI.

The surface morphology of SLNs was assessed by
Transmission Electron Microscopy (TEM). In brief, a drop of SLN
dispersion  was  placed onto a copper grid and stained with
1% (w/v) of phosphotungstic acid (PTA) and grid was kept
immovable to get the drop dry. The grid was then loaded on
JEOL microscope for imaging and analysis was carried out.

Drug entrapment efficiency: Drug entrapment efficiency of
SLNs was determined by direct lysis method. Briefly, weighed
amount of lyophilized pellet was dissolved in 5 mL of
chloroform. The lysate was then centrifuged at  10,000  rpm
for   5   min   and   supernatant   was   charged   into   HPLC   for
the estimation of drug content. The percentage drug
encapsulation efficiency (% EE) and drug loading were
calculated by the equation:

Amount of drug in SLNs
Entrapment efficiency (%) 100

Total amount of drug added
 

Amount of drug entrapped in SLNs
Drug loading (%) 100

Total amount of lipid in SLNs
 

Quantification of resveratrol by HPLC method: The
resveratrol was quantified on HPLC system (Shimatzu, Japan),
which consists of UV detector. The HPLC analyses were
performed on Inertsil ODS-3 C18 (5 µm, 250×4.6 mm) column.
The mobile phase comprises acetonitrile and ammonium
acetate buffer (pH 3.5) with  the  ratio  of 37:63, was  kept  in 
an  isocratic  mode. The  flow  rate  was  kept  at 1 mL minG1 to
quantify resveratrol at 306 nm.

In vitro drug release: The in vitro drug release study was
performed in PBS (pH = 7.4) by using dialysis bag method.
Briefly,  a known amount of lyophilized SLN was dispersed in
2 mL release medium and put into dialysis bag. This dialysis
bag then immersed in 20 mL release medium. After specific
time intervals, 0.5 mL sample was withdrawn and replaced
with the same medium to maintain the sink conditions. The
time points for sampling were 15 and 30 min and 1, 2, 3, 4, 6,
24 and  48 h.

Cell viability assessment: The cell viability was assessed  by
3-(4,5-dimethylthiazol-2yl-)-2,5-diphenyl tetrazolium bromide
(MTT)  method.  This  method  is  based  on  cleavage  of  a
tetrazolium salt by mitochondrial dehydrogenases in viable
cells (Garg et al., 2011). Cultured PC-3 cells (2×106) were
seeded  and  allowed  to  adhere  in  a  96  well  plate  using
RPMI-1640 medium. The cells were treated with free
resveratrol and resveratrol-SLNs at 20 µg mLG1 resveratrol
concentration followed by 2 h incubation and 3.5 mM H2O2

was mixed and incubated for another 3 h. After completion of
the incubation, 25 µL MTT (5 mg mLG1) reconstituted in PBS
was added upon was added to each well and  incubated  for
4 h at 37EC. The obtained formazan crystals were dissolved in
150 µL DMSO and quantitative estimation of formazan purple
by absorbance (at 540 nm) was done. The survival rate (30%)
of   cells   treated   with   H2O2   (with   no   anti-oxidant)   was 
taken   as   control   and   percent   viability   for   treated   cells
(with anti-oxidant) was expressed with reference to
percentage viability of control cells.

Nuclear morphology analysis: The nuclear morphology was
observed by Propidium Iodide (PI) test. The PC-3 cells were
cultured, seeded on sterilized cover glasses and treated with
Res  and  Res-SLNs  (equivalent  to 100 µg mLG1), for 24 h and
PI staining (10 µg mLG1) was done. The morphology of cell
nucleus was observed under fluorescence microscope at 200x
magnification with a cell number of 2×106 cells (Garg et al.,
2011).
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Detection of nucleosomal DNA damage and fragmentation:
Photometric immuno-assay of cytoplasmic histone associated
DNA fragments were used to quantitate the estimation of cell
death (apoptosis). In brief, PC-3 cells were cultured for 18 h
and were exposed to plane (Res) and SLN loaded Res for 3 h.
The cells were pelleted and incubated in lysis buffer for 30 min
at room temperature and centrifuged at 200×g for 10 min.
The mono and oligonucleosomes (released by treated cells)
were detected by ELISA from supernatant. The results were
expressed in terms of an enrichment factor, i.e., ratio of
absorbance  (A405/A490  nm)  of  treated  cells/absorbance
(A405/A490 nm) to that of control cells.

The DNA fragmentation was determined by using
conventional agarose gel electrophoresis by apoptotic DNA
ladder kit, following manufacturer recommendations. In short,
PC-3  cells  (2×106)  were  lysed  with  the  help  of  lysis  buffer
(6M guanidine HCl, 100 mM urea, 10 mM tris-HCl and 20%
triton-X-100, pH 4.4), DNA was purified and separated by glass
entrapment method in glass fibre fleece and eluted with the
help of elution buffer (10 mM tris, pH 8.5). The DNA aliquots
(1-3  µg  wellG1)  were prepared and loaded onto 1% agarose
gel containing 50 :g of ethidium bromide and were run on
electrophoresis assembly at 75 V for 1.5 h. The DNA was
visualized  by  placing  the  gel  over  UV-trans-illuminator
(Garg et al., 2011).

Bcl-2 detection
Protein extraction: The anti-oxidants treated cells were lyzed
through sonication method. The cell lysate and ice-chilled
methanol (1:4) was mixed and left on ice for 1 h. The pellet
comprising protein was collected by the centrifugation at
10,000 rpm for 15 min and suspended in 0.25M tris-HCl buffer
(pH 6.8) containing 10 mg mLG1 leupeptin, 1 mg mLG1

aprotinin and 10 mg mLG1 pepstatin. The total protein content
was estimated by the method reported by Lowry et al. (1951).

Immunoblotting:   Sodium   dodecyl   sulphate
polyacrylamide   gel   electrophoresis   (SDS-PAGE)   method
was   used   for   separation   of   detergent   soluble   proteins
(40-60 µg protein laneG1) on 10% gel under reducing
conditions. Protein solution was mixed with sample buffer and
protein concentration was adjusted to 2 µg µLG1. Then,
proteins   were   transferred   onto   nitrocellulose   membrane
at 100 V  for 2 h. Nitrocellulose membrane was blocked
overnight at 4EC with 5% skimmed milk powder in PBS and
subsequently incubated for 1 h with rabbit-anti-Bcl-2
monoclonal antibody. The membrane was washed by PBST
(0.05% tween-20) and then probed with anti-rabbit-IgG
conjugated with alkaline phosphates in 2.5% skimmed milk in

PBS  for  1  h  at  37EC.  Finally,  membrane  was  rinsed  twice
with  PBS-T  and  two  times  with  PBS.  Protein  bands  were
visualized  by  membrane  incubation  with  BCIP-NBT
substrate  (5-bromo-4-chloro-3-indolyl  phosphate-nitro  blue
tetrazolium). The band intensity of protein was quantitated by
imaging densitometer software (Bio-Rad, Model GS-670)
against the band intensity of experimental control.

Flow cytometry analysis: The FITC labeled SLNs were
prepared  adding  3.4×10G3  m  mol  of  FITC  by  keeping
other  constituent  constant.  The  carboxylic  (-COOH)  and
isothiocyanate (NCS) group of FITC react with amine terminal
functionalities of plain SLNs. The PC-3 cultured in RPMl-1640
medium supplemented with 10% foetal bovine serum and
viable   cells  (2×106  mLG1)  were  distributed  in  96  well
micro plates for 24 h and incubated in 5% CO2 at 37EC. The
medium was removed and cells were washed three times by
PBS for complete removal of unentrapped SLN, then FITC
labelled formulations were added and plates were incubated
for  2  h.  The  20  µm  2’,  7’-dichlorofluorescin  diacetate
(DCFH-DA)  was  loaded  after  another  45  min  and  cells
were  washed  with  PBS  to  remove  the  DCFH-DA.  Further,
3.5 mM H2O2 was mixed into the cells and incubated for
another 45 min and cells were observed under fluorescent
spectrophotometer at λex = 475 nm.

Statistical  analysis:  The  results  were  expressed  as
Mean±SD. The data obtained was subjected to Student’s t-
test for statistical analysis and statistical significance was
designated as (p<0.05). Multiple comparisons were made
using  one  way  analysis  of  variance  (ANOVA)  followed  by 
post  hoc  analysis using Tukey’s test to determine the
significance of the results obtained using Graph pad Instat
software.

RESULTS AND DISCUSSION

Preparation of resveratrol loaded solid lipid nanoparticles:
The Res-SLNs was fabricated using solvent injection technique
that involves intense diffusion of solvent transversely i.e.,
solvent-lipid phase into the surrounding aqueous phase and
evaporation of organic solvent that confers rigidity to lipid
particles. The high shear homogenization was used to ensure
nano-range of the particles. The pre-emulsion phase was
acquired by high speed stirring prior to homogenization. The
lipids employed in the formulation of SLNs were first subjected
to optimization by varying the ratio of lipid: Phospholipid from
1:0.5-1:2. The prepared formulation was characterized with
respect to particle size and PDI.
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The formulation with 1:1 lipid/lecithin ratio was chosen
for optimization process variables as it showed an optimum
size (158.3±4.34 nm) and PDI (0.14) of NPs (Fig. 1a). The SLN
formulations showed an increase in the size and PDI with an
increase in lecithin concentration except the one that was
prepared with lipid: Lecithin (1:1). This might be due to the
formation of vesicles because excess of phosphatidyl choline
forms bilayers in the lipid vesicles. It was observed that upon
increasing the quantity of resveratrol, entrapment efficiency
increased up to drug: Lipid ratio of 10:100. Moreover, further
increase in drug (Res) concentration of lipid leads to the
gradual decrease in entrapment efficiency (Fig. 1b). This could
be reasoned because of the saturation of lipid with drug. The
greater entrapment efficiency (83.80±1.9%) of Res-SLNs was
found at 1% surfactant concentration (Fig. 1c). However,
further increase or decrease in surfactant concentration has
shown decrease in the entrapment efficiency and increase in
PDI (Jain et al., 2015). The tween-80 minimizes surface tension
between aqueous and organic phase that perhaps allows the
configuration of tiny droplets of solvent at the site of solvent
administration and causes the decrease in the particle size.
Further, tween-80 may also help to stabilize the generated
surface and particle aggregation (Jain et al., 2015). The SLN
formulations showed indifferent effects at varying stirring
speed. Particle size has seen a decrease upon increasing the
stirring speed, but converse was the case after a defined time
period. The varying stirring speed of particles showed
variation in drug entrapment efficiency of SLNs (Fig. 1a-e).
Moreover, the addition of DS (counter ion) establishes an
interaction with drug which was largely regulated by a long
range electrostatic forces between ion pairing agent DS and
drug. It eventually resulted in an increased drug loading
because of greater relative lypophilicity of drug. Despite the
presence of DS in SLN formulations, average particle size saw
a monotonic decrease. This is explained due to higher
amphiphilic properties and reduced interfacial tension
between two interfaces (Garg et al., 2015; Jain et al., 2015).

Characterization  of  resveratrol  loaded  solid  lipid
nanoparticles: The average size of all formulations tested was
found in 150-350 nm range (Fig. 1). The component ratio and
tween 80 concentration dependent changes (deviation in
particle size) also showed an impact  on  PDI  and  entrapment

efficiency of optimized formulation (Fig. 1). The preparation
with average particle size (158.3±3.5 nm) and highest EE
(83.8%) was considered as optimized formulation, when
compared with other formulations (Table 1). The average
particle size of Res-SLNs was found to be lower than 200 nm
(Table 1). The shape and size of formulated particles is
validated by TEM studies (Fig. 2). Further, the size obtained by
TEM are different to the one determined by DLS method. The
difference in sizes could be attributed to the fact that TEM
reveals morphological size of nanoparticle in the solid state,
however, zeta sizer measures the hydrodynamic diameter of
nanoparticle in aqueous solutions. The results are consistent
with the results reported earlier (Garg et al., 2015; Jain et al.,
2015). The second reason might be due to the operation
principal of both the instruments; zeta-sizer measures the
average particle size whereas, TEM measures size of each and
every individual particles. The PDI lesser than 0.3 observed is
indicative of homogeneity SLNs size.

The negative zeta potential of Res-SLNs formulation was
possibly because of negative charge of phospholipids
distributed at SLN’s surface. The higher negative value of zeta
potential provides repulsive interaction between SLNs and
thereby prevents aggregation of nanoparticles. Also, tween 80
as surfactant is thought to confer stearic stability in order to
achieving stable formulation.

The greater entrapment efficiency of Res (83.8±2.3%)
and drug loading (12.8±1.1) of Res-SLNs was estimated with
1:1 lecithin/lipid (w/w), 1:10 drug: Lipids ratio (w/w) and 1%
surfactant concentration (Table 1). Further, addition of DS
forms a drug-polymer complex, which leads to increase the
partitioning of drug between both the phases and resulting
into higher EE of SLN formulations.

In vitro  release study: The Res-SLN formulations showed a
biphasic sustained release pattern and an initial burst release
viz., >30% of Res was estimated from SLN by the end of 2nd h
(Fig. 3). A possible reason that may be accounted is the fast
release of drug adsorbed on the surface of SLNs or entrapped
in the outermost stratum. Further, the cumulative resveratrol
release seen from SLN formulation was estimated to be
81.7±2.86% at the end of 48 h. This sustained and prolonged
release demeanor of drug molecules observed was mainly due
to diffusion of drug through the lipoid matrix of SLNs.

Table 1: Characterization of resveratrol loaded solid-lipid nanoparticles with respect to particle size, PDI, % drug entrapment and drug loading of the optimized
formulation

Formulation code Surfactant concentration (%) Particle size (nm) PDI Entrapment efficiency (%) Drug loading (%)
Res-SLNs 1.0 158.3±3.5 0.12 83.8±2.3 12.8±1.1
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Fig. 1(a-e): Formulation of SLNs and optimization of various process parameters. The optimization of (a) Lipids ratio with respect
to particle size, (b) Drug/lipid ratio, (c) Surfactant concentration, (d) Stirring time and (e) Stirring speed with respect
to particle size and percentage drug entrapment efficiency (Mean±SD, n = 3)
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Fig. 2: Phenotypic characterization of resveratrol loaded solid lipid nanoparticles by high resolution-transmission electron
microscopy

Fig. 3: In vitro  drug release of resveratrol in physiological PBS (pH 7.4) from SLN formulations (n = 6)

Assessment of cell viability: The cytotoxicity of resveratrol
loaded SLNs, free resveratrol and plane SLN (placebo) were
tested in PC-3 cells. The results showed that SLNs were more
effective as free drug, as an anti-tumor agent (Fig. 4). The
plane SLNs did not cause cytotoxicity since the cell viability
was estimated above 95%. Present results suggested that
resveratrol retained its anti-tumor activity upon encapsulation
into the lipid carrier. This study advocates for usefulness of
resveratrol-loaded SLN in inhibiting the growth of prostate
cancers.

The MTT assay was performed in PC-3 cells to investigate
the  concentration  and  time  dependent  cytotoxic  response

(% growth inhibition) of Res loaded SLNs formulations in
comparison to free Res. The cell viability of phospholipid and
solid lipids were both well tolerated as the lipid matrices of
SLNs. Soya lecithin (natural bio-acceptable surfactant) is
located  mainly   on   SLNs   surface.   Consistent   to   what   has
been reported earlier (Muller et al., 1997), it is found that,
lower/acceptable range of cytotoxicity of lipid nano-carriers as
compared to polymeric nanoparticles particularly SLNs
consisting lecithin. The no/feeble cytotoxicity of colloidal drug
carriers are considered as better delivery vehicles to be used
in in vivo  studies. It was also noticed that nature of lipid matrix
had   no   effect   on   cell   viability.  The  Res-SLN  undoubtedly

310

 
 

 

0.26 µm 

0.30 µm 
0.28 µm 

0.2 µm 

0.27 µm 



Int. J. Pharmacol., 12 (4): 304-316, 2016

100

75

50

25

0
0 50 100 150 200 250

Res-SLNs
Res
Plain SLNs

(a)

Concentration (µg mL )G1

V
ia

bi
li

ty
 (

%
)

100

75

50

25

0

V
ia

bi
lit

y 
(%

)

0 50 100 150 200 250

(b)

Concentration (µg mL )G1

100

75

50

25

0

V
ia

bi
li

ty
 (

%
)

0 50 100 150 200 250

(c)

Concentration (µg mL )G1

Fig. 4(a-c): Percentage cell viability of plain Res, plain  SLNs  and  reservatrol  loaded  SLNs,  when  incubated  with  PC  cells  for
(a) 24 h, (b) 48 h and (c) 72 h. Each data point represented as Mean±SD (n = 4)

suggested the significantly augmented percentage cellular
inhibition or death of prostate cancer cells with the increasing
concentration  of  Res.  The  inhibitory  effect  of  free  Res, Res-
SLNs on PC-3 cells at or below 10 µg mLG1 was not seen. Also,
amplified cytotoxic responses were estimated when the
concentration of Res in free form or encapsulated in SLNs was
increased abruptly. Nearly 100% mortality of cells was
observed, when Res concentration was used in the rage from
200-250 µg mLG1. It indicates the internalization of satisfactory

quantity of Res within the nuclei during the incubation time of
72 h (Fig. 4c). The PC-3 cells were observed to be more
sensitive to  Res  when  encapsulated  into  SLNs  and
increased cytotoxicity was seen upon increasing the
concentration (Fig. 4a-c). It may possibly be due to passive
interaction and diffusion involving,  which  may  lead  to
higher internalization. The greater internalization,
accumulation of nanoparticles accompanied with sustained
release of Res loaded onto nanoparticles in the cells could be
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Fig. 5: Cellular uptake efficiency of plain FITC and FITC labeled
SLN in PC-3 cells. Each data point represented as
Mean±SD (n = 4)

responsible for augmented cytotoxicity. Therefore, a strong
sensitization was  achieved  with  Res-SLNs,  which  seemed  to
diminish  the  drug  resistance.  Further,  SLNs  enter  the  cells
via passive diffusion and could be attributed to efficient
cytotoxic action. The cell cytotoxicity outcomes have been
complemented by the quantitative cell uptake study which
revealed -2-fold higher uptake of Res-SLN in comparison to
free Res when incubated with PC-3 cells.

Cellular uptake study: The intracellular SLN delivery was
followed from the first interaction between SLN-cell
membrane and further uptake of SLN by PC cells. The
fluorescently labeled SLN was used to examine their ability to
cross the cell membrane, rate of intracellular uptake and
distribution within the cells. Figure 5 depicted the rapid
migration of SLN across membrane and cells have shown to
taken up the significant fraction of administered dose. The
green fluorescence intensity could be qualitatively assessed
within cells during 15 min of the application.

Cellular  uptake  of  Res  when  loaded  onto  SLN
formulations, as the function of galactose conjugation and
incubation time was evaluated on PC-3 cells using flow
cytometer (C6 venturimeter, USA) (Fig. 5). The PC-3 cells were
incubated with plain FITC, FITC labeled plain SLN (SLN-F)
formulations. The rapid cellular localization of fluorescent SLN
could be correlated with their nano-size and composition
because  as  they  are  constituted  with  bio-acceptable and
bio-degradable entities for example, solid lipids and lecithin
(Miglietta et al., 2000). The results of this study suggested
6.2±1.4 and 33.2±1.3% cellular internalization after 0.5 h of
incubation with plain FITC, SLN-F, respectively (Fig. 5). The
cellular internalization was marked as 11.5±1.6 and
68.7±1.3% after 2 h incubation with plain FITC and SLN-F,
respectively. The cell uptake study shows time-dependent
cellular  internalization  of  SLN and cells associated with SLNs

demonstrate highest fluorescent intensity. This may be owing
to passive adhesion followed by phagocytic uptake of
complex (Moore et al., 1998; Budzynska et al., 2007). The
internalization  due  to  SLN-F  might  be  owing  to   fluid
phase  endocytosis/phagocytosis  mediated  non-specific
inter-localization. The FITC alone might non-specifically adsorb
on to the surface of cells and thus emitted fluorescence signals
(Schoepf et al., 1998) (Fig. 6). The quantitative cellular uptake
studies (Fig. 5) were corroborated by the immunofluorescence
assay  showing  photomicrographs  with  higher  uptake  of
Res-SLNs in tumor cells (Fig. 6).

Assessment of nucleosomal damage: The inhibitory effects
of Res and Res-loaded SLNs in the induction of cell apoptosis
was assessed. The PI was used for staining nuclei of prostate
cancer  cells  treated  with  either  resveratrol  or  Res  loaded
SLNs (Fig. 7) showing sizeable nuclear fragmentation.
However, PC cells treated with Re-SLNs showed substantially
greater  nuclear  fragmentation  depending  upon  Res
(potential/activity) and their concentration. The conventional
agarose gel electrophoresis was carried out to see an effect of
treated formulations (Res and Res-SLNs) on nuclear DNA
fragmentation. The DNA gel electrophoresis (Fig. 8) pattern
was seen after PC cells were treated with nanoparticle
formulations (res and res-SLNs).The oxidative stress in prostate
cancer cells was assessed (Fig. 8) and Res and Res-SLNs for 2 h
showed fragmented DNA (lane III and IV) on agarose gel in
comparison to control (lane II) where, no or minimal DNA
fragmentation was observed in formulation treated cells.
Figure 7 and 8 demonstrated the greater DNA fragmentation
with Res-SLNs (100 µg mLG1) as compared to that seen with
plane Res and experimental control. . These results validate of
our hypothesis and confirm the role of resveratrol in
increasing apoptosis in prostate cancer cells and renders
protection against it.

Effect  of  anti-oxidants  on  Bcl-2  level:  Considering  the
anti-apoptotic role of Bcl-2, it was decided to assess the
relevance of this protein in conferring protection against
prostate cancer when treated with resveratrol (Fig. 9).  The  Res
and Res-SLNs showed a decrease in the bcl-2 level after PC
cells were treated with resveratrol (100 µg mLG1), Res-SLN and
control in cell mediated reaction. The obtained apoptosis
results (Fig. 9) suggest that Res and Res-SLNs treatment was
given to PC cells for 18 h, which saw a significant decrease in
Bcl-2 levels. The inhibited levels of the gene/protein factor of
Bcl-2 family is indicative of induction prostate cancer cell
apoptosis when treated with Res and Res loaded SLNs.
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Fig. 6: Immunofluorescence  assay  to  assess  the  time  dependent  cellular  uptake  of  plane  FITC  and  FITC  labelled  SLN  by
PC-3 cells
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Fig. 7(a-c): Nuclear fragmentation observed after the treatment of resveratrol and resveratrol loaded solid lipid nanoparticles
treated PC-3 cells. The fluorescence captured at 200x magnification

Fig. 8: Detection of DNA fragmentation to assess the
programmed cell death by agarose gel electrophoresis.
Lane I: Marker, Lane II: Normal PC-3 (positive control),
Lane III Res-SLNs and Lane IV: Resveratrol

Fig. 9: Determination of relative levels of Bcl-2 (anti-apoptotic
factor) after the treatment of resveratrol and Res-SLNs
treatment. Results are expressed as Mean±SD (n = 6)

CONCLUSION

The present study has shown the effective and successful
preparation of resveratrol loaded onto SLNs in prostate cancer
therapeutics. The formulations were prepared using stearic
acid and tristearin as the lipid core and phospholipid
combinations of tween 80 as shell material though emulsion
solvent evaporation method. The formulation parameters,
such as composition of surfactant and the drug-lipid ratio
were observed to influence the encapsulation of drug
(resveratrol) into lipid core. Present results were indicative of
minimal or no cytotoxicity shown by resveratrol-loaded SLNs,
in which free drug was found effective in inducing selective
apoptosis of prostate cancer. The higher accumulation of
resveratrol in prostate cancer cells via SLN suggests that these
nanocarriers may prove very useful for effective and targeted
delivery of resveratrol to site of prostate cancer. These results
are very promising considering the fact that to achieving
therapeutic effect against prostate cancer, the decreased
amount of resveratrol may be used. The higher efficiency in
targeting and delivery, as compared to free drug, will certainly
contribute in minimizing the associated adverse effects.
Further, size of formulated SLN and in vitro release profile of
loaded resveratrol can be further explored by different types
and content of lipid materials. In conclusion, these lipid nano-
carriers hold promise as a potential therapeutic agent to treat
neoplastic diseases located in the prostate tissue.
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