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Abstract
Prostate cancer (PC) is the most frequently diagnosed disease in men in the United States.
Curcumin (CUR), a natural polyphenol, has shown potent anti-cancer efficacy in various types of
cancers. However, suboptimal pharmacokinetics and poor bioavailability limit its effective use in
cancer therapeutics. Several successful CUR nanoformulations have recently been reported which
improve upon these features; however there is no personalized safe nanoformulation for prostate
cancer. This study contributes two important scientific aspects of prostate cancer therapeutics. The
first objective was to investigate the comparative cellular uptake and cytotoxicity evaluation of β-
cyclodextrin (CD), hydroxyl propyl methyl cellulose (cellulose), poly(lactic-co-glycolic acid)
(PLGA), magnetic nanoparticles (MNP), and dendrimer based CUR nanoformulations in prostate
cancer cells. Curcumin loaded cellulose nanoparticles (cellulose-CUR) formulation exhibited the
highest cellular uptake and caused maximum ultrastructural changes related to apoptosis (presence
of vacuoles) in prostate cancer cells. Secondly, the anti-cancer potential of the optimized
cellulose-CUR formulation was evaluated in cell culture models using cell proliferation, colony
formation and apoptosis (7-AAD staining) assays. In these assays, the cellulose-CUR formulation
showed improved anti-cancer efficacy compared to free curcumin. Our study shows, for the first
time, the feasibility of cellulose-CUR formulation and its potential use in prostate cancer therapy.
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1. INTRODUCTION
Prostate cancer (PC) is highly prevalent among cancer related diseases in the United States
(153 per 100,000 persons) and the third leading cause of the cancer related death in men [1–
3]. Efficient treatment for PC includes surgery, chemotherapy, radiation, prostate specific
membrane antigen (PSMA) targeted therapy, and combination therapies [4–10].
Chemotherapy is considered a major therapeutic modality in which various natural and
synthetic cyto-toxic drugs are used. However, conventional chemotherapeutic approaches
are greatly limited due to their low therapeutic index, severe side effects, poor
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pharmacokinetics and consequent bio-pharmaceutical underperformance in the body [11–
14]. In addition, most of these chemotherapeutics are suitable to treat localized androgen-
dependent prostate cancers but exhibited limited efficacy in androgen-independent and
metastatic prostate cancers [15–17]. Therefore, novel treatment modalities need to be
developed that can treat all types of prostate cancers. Nanomedicine or nanoparticle drug
delivery systems (NDDS) may improve these aspects of chemotherapy for prostate cancer
patients [18–20].

Recent literature and clinical trials reveal that curcumin (CUR) (a yellow polyphenol
extracted from the rhizome of turmeric, Curcuma longa) can be efficiently used to treat a
variety of cancers such as prostate, breast, pancreatic, colorectal, gastric and cervical
carcinomas [21–23]. The inhibition of carcinogenesis by CUR is achieved via influencing
multiple mechanisms such as nuclear factor-kappaB (NF-kB), transcription factor activator
protein-1 (AP-1), mitogen activated protein kinase (MAPK), tumor protein 53 (p53), nuclear
β-catenin signaling, and AKT signaling pathways [24, 25]. CUR has proven to suppress the
expression of epidermal growth receptor and estrogen receptors which are cancer associated
growth factors [26]. Some proof-of-concept studies demonstrate that CUR efficiently
sensitizes tumor cells to first line chemotherapies and radiation [27–29]. Furthermore, CUR
is also shown to overcome multidrug resistance phenomenon in cancer therapeutics through
down regulation of P-glycoprotein (P-gp) expression [30]. In addition, CUR has shown dose
dependant (2.5–80 μM) effects on cancer cells while avoiding toxicity to normal cells [31].
Despite these encouraging properties, the use of CUR in clinical cancer treatment has not
been fully actualized owing to its limitations related to low half-life, low serum levels, poor
uptake and biodistribution in body [25].

To address these aspects of CUR, nanomedicine may be used to develop efficient
therapeutic strategies for cancer treatments. In this direction, CUR nanoformulations of
micelles, globular proteins, polymer nanoparticles, nanogel, and magnetic nanoparticles
have demonstrated comparable/greater in vitro and in vivo biological activities compared to
that of free CUR [32–37]. These sustained-release CUR nanoformulations offer improved
availability and reduce the required dose of CUR for cancer therapy. Although a number of
CUR nanoformulations have been reported in the literature, so far there has been no
comparative study to evaluate which formulation(s) is more suitable for personalized
prostate cancer therapy. Our central goal is to develop a nanoformulation with increased
efficacy in prostate cancer treatment. Therefore, we examined the synthesis, characterization
and comparative evaluation of β-cyclodextrin (CD), hydroxyl propyl methyl cellulose
(cellulose), poly(lactic-co-glycolic acid) (PLGA), magnetic nanoparticles (MNP), and
dendrimer CUR nanoformulations with free CUR using cellular uptake and cyto-toxicity
studies in prostate cancer cells. The cellulose-CUR nanoformulation demonstrated
maximum anti-cancer activity and induced marked ultrastructural changes related to cellular
apoptosis in prostate cancer cells. These results indicate that a cellulose-CUR
nanoformulation could be an effective nanoparticle delivery system in prostate cancer cells.

2. EXPERIMENTAL
2.1. Materials

β-cyclodextrin, hydroxyl propyl methyl cellulose (cellulose, M.W. 10,000, methoxy, 1.8–2.0
and propylene oxide 0.2–0.3, viscosity 2wt% in water 5 cps), poly(vinyl alcohol) (PVA)
(M.W. 30,000–70,000), poly(L-lysine) (PLL) (M.W. 30,000–70,000), Fe(III) chloride
hexahydrate (99%), Fe(II) chloride tetrahydrate (99%), ammonium hydroxide (28% w/v in
water), pluronic polymer (F127), CUR (≥95% purity, (E, E)-1,7-bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione), acetone (≥99.5, ACS reagent grade),
dimethylsulfoxide (DMSO) (ACS reagent, UV spectrophotometry grade, ≥99.9%) were
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purchased from Sigma Chemical Co. (St. Louis, MO, USA). PLGA (50:50 lactide–glycolide
ratio; inherent viscosity 1.32 dL/g at 30 °C) was purchased from Birmingham Polymers
(Pelham, AL, USA). All chemicals were used as received without further purification.

2.2. Cell Lines
The human prostate cancer cell lines [(C4-2 and LNCaP (metastatic); DU-145 and PC-3
(non-metastatis)] were kindly supplied by Dr. Meena Jaggi (Sanford Research/USD, Sioux
Falls). These cancer cells were maintained as monolayer cultures (C4-2, LNCaP and PC-3)
in RPMI-1640 medium or in minimum essential medium (MEM, DU145, HyClone
Laboratories, Inc., Logan, UT, USA) supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA, USA) and 1% penicillin/streptomycin (Gibco BRL, Grand
Island) at 37 °C in a humidified atmosphere (5% CO2).

2.3. Curcumin Nanoformulations
β-Cyclodextrin-curcumin (CD-CUR/CD30), poly(lactic-co-glycolic acid) curcumin (PLGA-
CUR/NCUR6), magnetic nanoparticle-curcumin (MNP-CUR/F127250) nanoformulations
were prepared according to our reported procedures [33, 38, 39]. Cellulose curcumin
(cellulose-CUR) nanoformulation was prepared at a ratio of cellulose:curcumin (8:2, wt./
wt.). First, cellulose (40 mg) was dissolved in 8 mL of deionized water in a glass vial (Fisher
Scientific, Pittsburgh, PA, USA) with a magnetic bar. Curcumin (8 mg) dissolved in 500 mL
acetone was added dropwise to aqueous cellulose solution while stirring at 400 rpm. The
solution was stirred overnight, passed through a 0.45 mm Millex poly(vinylidene fluoride)
(PVDF) syringe-driven filter unit (Millipore Corporation, Bedford, MA, USA), and the
supernatant containing cellulose-CUR nanoformulation was recovered by freeze-drying
(Labconco Freeze Dry System; − 48 °C, 133 × 10−3 mbar; Labconco, Kansas City, MO,
USA). This procedure was adopted to prepare dendrimer-curcumin nanoformulation. All
these curcumin nanoformulations were stored at 4 °C.

2.4. Compatibility of CUR Nanoformulations
The compatibility of curcumin in nanoformulations was evaluated by optical microscopy. In
this study, two drops of 500 μg/mL of CUR or CUR in nanoformulations were placed onto a
glass slide and dried at room temperature. These samples on glass slides were examined
using optical microscopy (Olympus BX 41 microscope; Olympus, Center Valley, PA, USA).
All the images were taken at 200× magnification.

2.5. Characterization of CUR Nanoformulations
The shape and morphology of CUR nanoformulations were investigated by JEOL-1210
transmission electron microscopy (TEM) (JEOL, Tokyo, Japan) operating at 80 kV. For this
study, the suspension of nanocurcumin formulations (2–3 drops) were placed on the surface
of 200 mesh formvar-coated copper TEM grid (grid size: 97 μm) (Ted Pella, Inc., Redding,
CA, USA) and dried at room temperature prior to imaging of the nanoparticles.

Fourier transform infrared (FTIR) spectroscopy was employed to analyze the surface
chemistry as well as to understand the chemical structure of CUR nanoformulations. The
absorption spectrum was obtained using a Smiths Detection IlluminatIR FTIR microscope
(Danbury, CT, USA) with diamond ATR objective. The CUR nanoformulations (powder)
were scanned from 750 to 4000 cm−1 with a resolution of 4 cm−1. The average of 32 scans
for each sample was reported as FTIR spectra.

To understand the physical nature of CUR nanoformulations (powder), X-ray diffraction
(XRD) and differential scanning calorimetry (DSC) methods were employed. XRD analysis
of CUR nanoformulations were recorded using a D/Max-B Rikagu diffractometer (Rigaku
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Americas Corp, Woodlands, TX) using Cuα radiation at λ = 0.1546 nm, running at 40 kV
and 40 mA. Differential scanning calorimetry (DSC) analysis was performed on a Perkin
Elmer simultaneous thermal analyzer STA6000. DSC patterns of the samples were recorded
from 25 °C to 300 °C at a heating rate of 10 °C, under a constant nitrogen gas flow (100 mL/
min).

2.6. Assessment of Cellular Uptake of CUR Nanoformulations
PC-3 cells (5 × 105) were cultured in the 6-well plates in 2 mL medium and allowed to
attach overnight. The adherent cells were washed twice with PBS and then treated with CUR
nanoformulations (10 or 20 μM) in 2 ml RPMI-1640 medium. After 6 hrs incubation, the
cells were washed twice with PBS, trypsinized, centrifuged and collected in 2 ml media. In
order to estimate the efficacy of nanoCUR formulations uptake, the cell suspensions (50 μL)
were injected into an Acuri C6 Flow Cytometer (Accuri Cytometer, Inc., Ann Arbor, MI,
USA) to determine the fluorescence levels due to curcumin in FL1 channel (488 excitation,
Blue laser, 530 ± 15 nm, FITC/GFP). Standard deviations were calculated from 3 replicates.

2.7. Toxicity Evaluation of CUR Nanoformulations by TEM
For a comparative cyto-toxicity evaluation of CUR nanoformulations, PC-3 cells (1 × 107

cells per 150 mm plate) were cultivated in 150 mm plates in 20 mL medium and allowed to
attach overnight. The adherent cells were washed twice with PBS. Then 20 mL of 20 μM
CUR nanoformulations or equivalent amounts of nanoparticles without CUR in RPMI-1640
medium were replaced. The treated cells were trypsinized, centrifuged and fixed with
standard formaldehyde (4%)-glutaraldehyde (1%) solution followed by OsO4 solution.
These cells were then dehydrated in a graded series of acetone and embedded in Spurr resin.
These cell-containing resin blocks were sectioned using an ultramicrotome and ultrathin
sections (70–90 nm thickness) were transferred onto TEM grid (grid size: 97μm) (Ted Pella
Inc., Redding, CA, USA). The grids were processed with uranyl acetate and lead acetate
solutions to visualize cellular ultra structures to evaluate the effects of CUR
nanoformulations on cancer cells.

2.8. In vitro Anti-Cancer Effects
The cyto-toxicity of cellulose-CUR formulation was determined using a standard 3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation assay
(CellTiter 96 AQeous; Promega, Madison, WI, USA). In brief, C4-2, DU-145, LNCaP, and
PC-3 cancer cells were cultured onto 96-well plates at a density of 5000 cells per well in 100
μL media and allowed to attach overnight. The media in each well was replaced with culture
medium containing 2.5–40 μM concentration of CUR and cellulose-CUR. Equivalent
amounts of DMSO or cellulose without CUR in PBS were used as control. These plates
were incubated at 37 °C for 2 days in an incubator. Then the incubation medium was
replaced with 100 μL of fresh medium and 25 μL of MTT reagent and incubated for 3 hrs.
The absorbance intensity at 492 nm was recorded using a BioRad microplate reader
(BioMate 3 UV-Vis Spectrophotometer, Thermo Electron Corporation, Hudson, NH, USA).
The anti-proliferation efficiency of CUR and cellulose-CUR treatments were calculated as a
percentage of cell growth with respect to the DMSO and cellulose formulation in PBS
controls. From these anti-proliferation values, inhibition concentration (IC50) (concentration
of drug required to kill 50% of cells) of CUR and cellulose-CUR formulation is reported.
Standard deviations were obtained from 6 replicates.

2.9. Colony Formation Assay
Colony formation assay was employed to assess long-term anti-cancer potential of cellulose-
CUR nanoformulation. Briefly, C4-2, DU-145 and PC-3 cancer cells were seeded at a
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density of 1000 per well in 6-well plates in 2 mL media and allowed 2 days to start the
formation of colonies. Then, media was replaced with different concentrations (2–10 μM) of
CUR or cellulose-CUR nanoformulation. After 10 days, these plates were washed three
times with PBS, fixed in chilled methanol, stained with hematoxylin (Fisher Scientific, Fair
Lawn, NJ, USA), washed with water and air dried. The number of colonies was counted
using computer-assisted image analysis with the Multimage™ Cabinet (Alpha Innotech
Corporation, San Leandro, CA, USA) and AlphaEase Fc software. The percent colonies
were calculated using the number of colonies formed in treatment divided by the number of
colonies formed in DMSO or cellulose without CUR in PBS. Standard deviation was
obtained from 3 replicates.

2.10. Analysis of Apoptosis
7-Amino actinomycin D (7-AAD) staining was used to detect cellular apoptosis. For this
study, C4-2, LNCaP and PC-3 cells were seeded (8 × 105 cells per plate in 10 mL
RPMI-1640 medium) into 100 mm Petri dishes and allowed to attach overnight. These cells
were treated with 10 mL of 20 μM CUR/cellulose-CUR or equivalent amounts of DMSO/
cellulose without CUR in culture medium for 2 days. Following treatments, both adherent
and floating cells were collected, washed with PBS, re-suspended in 10 mL culture medium.
Cell suspension (1 mL) was incubated with 7 AAD (BD Biosciences, San Diego, CA, USA)
at room temperature for 15 min and analyzed by using an Acuri C6 Flow Cytometer (Accuri
Cytometers, Inc., Ann Arbor, MI, USA).

3. RESULTS AND DISCUSSION
Several studies indicate that CUR exhibits dose dependant in vitro and in vivo anti-
neoplastic activity against various types of cancers including prostate cancer [24, 40]. The
principal CUR delivery issues are its poor solubility, extensive metabolism, low absorption,
and dissolution rates [41–43]. A number of CUR analogues and nanoformulation strategies
have been developed to overcome these issues which increase their potential impact for
cancer treatment [43]. Recent studies of nano- and micro-CUR particles [36, 44–46] have
increased CUR levels in the blood and effectively inhibited tumor growth in mouse models.
However, it is difficult to recommend any CUR formulation for cancer therapeutics based
on drug encapsulation, particle size, stability, solubilization, and bio-availability. Lack of
information about the selection of formulation procedure hinders their direct implication for
a specific cancer therapy. Therefore, the main aim of the current study was to synthesize,
characterize and compare different CUR nanoformulations to identify the best formulation
for providing improved cancer cellular uptake and cyto-toxicity effects in clinically relevant
prostate cancer cell line models.

Various CUR nanoformulations were prepared according to our previous studies [33, 38,
39]. The encapsulated CUR in the particles varies depending on type of nanoformulation.
All these CUR nanoformulations can be suspended in an aqueous solution. TEM
demonstrated that nano-CUR formulations have spherical nanoparticles ranging from to ~ 5
– 58 nm while CUR exhibited highly aggregative larger clusters (> 1.2 μm) Fig. (1). The
descending order of individual nanoparticle size of formulation is as follows: PLGA NPs-
CUR (58.1 nm) > CD-CUR (52.6 nm) > dendrimer-CUR (37.4 nm) > MNP-CUR (8.6 nm) >
cellulose-CUR (5.2 nm) Fig. (1). The particles are indicated with black arrows. This study
demonstrates that the cellulose-CUR formulation exhibits smallest particle size compared to
other CUR nanoformulations.

The presence of CUR in nanoformulations was demonstrated by comparing FTIR spectra of
CUR with CUR nanoformulations. FTIR spectra of cellulose, CD, PLGA NPs, MNPs,
dendrimer, are shown in Fig. (2A). The FTIR respective peak assignments are given for
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cellulose [3440 cm−1 (−OH) and 1042 cm−1 (C–O–C)], cyclodextrin [3296 cm−1 (−OH),
1628 cm−1 and 1028 cm−1 (C–O and C–O–C of rings of CD)], PLGA NPs [3296 (−OH and
−NH) and 1682 cm−1 (C-O)], MNP [3296 cm−1 (amine groups of MNP surface and −OH of
PEO/PPO and CD) 1628 cm−1 and 1028 cm−1 (C-O and C-O-C of PEO/PPO and CD groups
on nanoparticles)] dendrimer [3296 cm−1 (−NH), 1637 cm−1 (C-O) and 1555 cm−1 (C-N)]
and presented in Table 2. CUR exhibited prominent peaks at 3510 cm−1, 1515 cm−1, 1273
cm−1, 1116 cm−1, and 955 cm−1 Fig. (2B) due to −OH, C-O, C-H, aromatic C-O, and C-O-C
stretching vibrations. When CUR was encapsulated in the polymer chain/nanoparticles/
dendrimer, prominent peak(s) at 1515 cm−1 and 1116 cm−1 were evident due to the presence
of CUR Fig. (2B) in addition to the parent polymer/nanoparticle/dendrimer spectral peaks.
This observation was consistent with FTIR studies of the other polymer based nanoparticles/
polymer micelles/polymer encapsulated CUR nanoformulations [34, 35, 45]. The FTIR
spectra results indicated that CUR was successfully entrapped into the core structures of the
polymeric chains/nanoparticles.

3.1. Physicochemical Characterization
Upon encapsulation of CUR in nanoparticles an increased water solubility and dispersibility
was observed. This phenomenon was confirmed by a compatibility study. Since pure CUR is
hydrophobic in nature, its aqueous dispersions exhibit a highly disordered and aggregative
phenomenon (Fig. (3), black arrows). CUR nanoformulations showed uniform and small
aggregate particles (white arrows) or clusters formation (black circles) and aligned structures
without aggregates/clusters (white arrows) Fig. (3). MNP and MNP-CUR formulations were
not represented because they were difficult to differentiate. This suggests that the
microenvironment of CUR in nanoformulations was changed upon encapsulation and this
may be due to physical entrapment, inclusion complexation as well as hydrophobic bonding
interaction between CUR and polymeric/β-cyclodextrin/dendrimer chains. A similar
observation was found with CUR and block copolymer, albumin and polymer nanoparticles
[38, 39, 47]. Overall, this study revealed that CUR in nanoformulations exhibited good
compatibility.

Further, structural integrity of CUR in nanoformulations was evaluated by X-ray diffraction
as well as differential scanning calorimetry. The physicochemical properties of CUR
nanoformulations were evaluated using differential scanning calorimetry (DSC) and X-ray
diffraction (XRD) studies. These data provide qualitative information and physical state of
CUR present in the nanoformulations. The DSC thermogram of CD, cellulose, PLGA NPs,
and MNPs has shown their glass transition temperature peak between 50 and 80°C. The
DSC thermogram of CUR has shown an intense endothermic peak at 172 °C corresponds to
the melting temperature of CUR crystal Fig. (4B). In all CUR nanoformulations, the
prominent melting peak belonging to CUR at 172 °C disappeared while their polymer chain/
nanoparticle/dendrimer glass transition temperature existed between 50–80°C (Fig. (4B),
dotted lines) because CUR molecules are completely entrapped, included and covered by
nanoparticle polymeric/β-cyclodextrin/dendrimer chains. The absence of crystalline nature
of drug(s) behavior after synthesizing their nanoformulations is due to the drug crystals are
completely covered by polymeric/β-cyclodextrin/dendrimer chains [38, 39, 47]. Similar
phenomenon was also encountered in various anti-cancer drug nanoformulations [47–49].

X-ray powder diffraction analysis was performed for CUR nanoformulations in comparison
with CUR Fig. (5). CUR showed characteristic peaks of diffraction angles 2θ at 8.43°,
11.76°, 14.14°, 16.91°, 17.87°, 20.803°, 23.10°, 24.21°, 25.24°, 26.98°, 27.86° and 28.65°,
indicating a highly crystalline state Fig. (5A). These peaks are in good agreement with
previous studies reported by different groups as well as the Cambridge Structure Database.
After CUR incorporated CUR in nanoparticles, the crystalline peaks of CUR completely
disappeared or were hidden due to polymer chain coating of nanoparticles Fig. (5B).
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Thereby, amorphous polymer chain layers were more dominant than CUR’s crystalline
nature. This evidence was also observed in different types of CUR nanoparticles [47–49]. In
other words, during the process of CUR nanoformulation, CUR crystalline structure is partly
broken down into amorphous phase.

3.2. Evaluation of CUR Nanoformulations for Effective Prostate Cancer Therapy
3.2.1. Cellular Uptake—Desired effects of a drug nanoformulation for superior cancer
therapeutics are passive targeting capacity via endocytosis and retention/localization at
tumor cell(s) or tumor site [50–52]. This experiment was designed to determine the
internalization efficacy of various CUR nanoformulations to identify which formulation has
a superior cellular uptake in prostate cancer cells. For this study, PC-3 cells were incubated
with 10 μM and 20 μM of CUR or CUR nanoformulations for 6 hrs. The ability of
internalization was determined utilizing inherent fluorescence property of CUR or CUR in
nanoformulations by Flow Cytometry at green fluorescence channel (FL1, 488 excitation,
Blue laser, 530 ± 15 nm, FITC/GFP). The order of uptake capacity of CUR and CUR
nanoformulations was observed as dendrimer-CUR > cellulose-CUR > CD-CUR > PLGA
NPs-CUR > MNP NPs-CUR > CUR at 10 μM and 20 μM concentrations. In detail, 1.25 – 4
(10 μM) and 1.26 – 9.5 (20 μM) fold changes were observed in fluorescence with CUR
nanoformulations compared to CUR Fig. (6). Although, the dendrimer-CUR formulation
exhibited abundant uptake, it was due to more nanoparticles attached on cancer cells rather
internalization. This study reports that the cellulose-CUR nanoformulation shows improved
uptake compared to other nanoformulations due to lower particles size. These improved
uptake characteristics could exert positive biological effects of CUR and thus the use of
cellulose-CUR formulations may be an attractive option for increasing therapeutic efficacy
of anti-cancer drugs.

3.2.2. Necrosis/Apoptosis Induction—Apoptosis represents a key factor that is
associated with cancer cell death in chemotherapy. The induction of apoptosis can be
recognized by various mechanisms including cleaved PARP, activation of casepases and
vacuoles or gas vesicles formulation [53–57]. CUR is particularly known to sensitize cells to
necrosis. The induction of necrosis/apoptosis was analyzed by TEM analysis of PC-3 cells
treated with either 20 μM CUR or CUR nanoformulations for 2 days. An equivalent
concentration of nanoformulations without CUR or DMSO was employed as controls. The
TEM images of nontreated cells (control formulations without curcumin) showed healthy
cellular morphology without any damage or vacuole formation Fig. (7A). CD-CUR,
PLGANP-CUR, and cellulose-CUR nanoformulations treatments were able to induce a
greater number of vacuole formation throughout the cancer cells compared to CUR
treatment Fig. (7). However, the number of vacuole formation in PC-3 cells was: cellulose-
CUR ≥ PLGA NP-CUR, > CD-CUR > CUR. Interestingly, even though dendrimer-CUR
and MNP-CUR uptake in cancer cells, these formulations showed a distinct change in the
overall morphology of PC-cells, not just vacuole formation Fig. (7B). This indicates these
formulations acting differently than other CUR nanoformulations. However, a higher
number of vacuole formation in the case of the cellulose-CUR nanoformulation it is mainly
due to tiny particles which can enter inside the cells via endocytosis pathway. Previous
findings also illustrate that such higher internalization of CUR nanoformulations always lead
to greater anti-cancer potentials [43, 47, 58]. The rest of the CUR nanoformulations
demonstrate vacuole formation but are inferior compared to the cellulose-CUR
nanoformulation.

From these experiments we conclude that cellulose-CUR nanoformulation may exhibit
improved toxicity compared to all other CUR nanoformulations and free CUR due to higher
internalization, retention and greater apoptosis in prostate cancer cells. We believe that the
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cellulose-CUR nanoformulation will be a better therapeutic strategy to treat prostate cancers
and thus all further studies were conducted using cellulose-CUR nanoformulations. To
confirm the applicability of the cellulose-CUR nanoformulation in cancer treatment, these
nanoparticles were investigated for in vitro anti-cancer properties such as a standard cell
proliferation assay (MTT assay), clonogenic (colony formation) assay, and apoptosis assay
(7-AAD staining) in human prostate cancer cells.

3.3. Anti-Cancer Potential of Cellulose-CUR Formulation
Various CUR encapsulated nanoformulations revealed variations in their anti-cancer
activities [43], dependent upon their direct interaction of CUR nanoformulations with cancer
cells or CUR release characteristic from nanoformulations. On the other hand, many CUR
nanoformulations exhibited improved or comparable activities to DMSO-dissolved CUR.
Therefore, we evaluated in vitro anti-cancer efficacy of the cellulose-CUR nanoformulation
and compared it with free CUR.

3.3.1. Improved Anti-Cancer Characteristics of Cellulose-CUR Formulation—
To determine anti-cancer potential of free CUR and cellulose-CUR nanoformulation, a
standard cell proliferation assay (MTT assay) was performed on a panel of four prostate
cancer cell lines [C4-2, DU-145, LNCaP and PC-3]. These cells were incubated with 2.5–40
μM of free CUR or cellulose-CUR nanoformulations for 2 days and then examined for cell
viability. Cells treated with equivalent amounts of DMSO or cellulose without CUR were
used as controls for CUR and cellulose-CUR formulation, respectively. There was no effect
on cancer cell proliferation with controls treatment while both CUR and the cellulose-CUR
formulation exhibited dose dependant anti-cancer effects in prostate cancer cells. At all the
concentrations of nanocurcumin exhibited competitive equivalent anti-cancer potential
compared to curcumin Fig. (8A) but the effect is not synergistic in nature. The inhibitory
concentration (IC50) was: 11.5 ± 4.2 μM, 18.2 ± 2.6 μM, 37.4 ± 3.2 μM, 26.2 ± 3.4 μM for
CUR and 7.8 ± 1.78 μM, 17.5 ± 2.65 μM, 30.1 ± 1.9 μM, 19.8 ± 2.8 μM for cellulose-CUR
formulation treatments on C4-2, DU-145, LNCaP and PC-3, respectively Fig. (8B). This
experiment suggests greater anti-proliferative effects of cellulose-CUR formulation
compared to free CUR.

Colony formation assay was employed to evaluate the long term anti-cancer potential of
cellulose-CUR nanoformulation. In this study, C4-2, DU145 and PC3 cancer cell lines were
treated with equivalent doses of 4 and 8 μM CUR or cellulose-CUR nanoformulation.
Equivalent quantities of DMSO or cellulose were used as control for CUR and cellulose-
CUR nanoformulation, respectively. The colony formation data exhibited improved
therapeutic efficacy of cellulose-CUR nanoformulation in all three cell lines compared to
free CUR Fig. (9). The enhanced anti-cancer therapeutic efficacy of cellulose-CUR
nanoformulation compared to free CUR is due to slow release of CUR from internalized
cellulose-CUR nanoparticles in prostate cancer cells.

3.3.2. 7-Amino Actinomycin D (7-AAD) Staining—Unlike conventional
chemotherapeutic drugs, CUR induces apoptosis in both androgen-dependent and androgen-
independent prostate cancer cells. This process occurs through intrinsic (mitochondrial) via
stress or DNA damage, extrinsic (receptor-mediated) pathways, and stress of the
endoplasmic reticulum. Several investigations including our reports revealed that CUR and
CUR nanoformulations are capable to down-regulate pro-survival proteins such as Bcl-2 and
Bcl-xL and enhance cleavage of PARP protein (apoptosis marker) which eventually leads to
cellular apoptosis in cancer cells [43, 47, 54, 56, 59].
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This apoptosis feature of CUR occurs due to increased permeability or disruption of cell
membranes that allow it to interact at molecular levels, rendering cancer cell death. In our
current study, we investigated a sensitive detection of apoptosis by Flow Cytometry. In this
procedure, apoptotic and or necrotic cells which have lost membrane integrity or porous
membranes, take up the 7-AAD and intercalate into double-stranded nucleic acids (DNA).
7-AAD can easily penetrate through cell membranes of dying or dead cells. The
quantification of 7-AAD stain in cancer cells treated with 20 μM cellulose-CUR
nanoformulation showed 2 – 4 fold higher than those treated with free CUR Fig. (10),
indicating cellulose-CUR formulation is a promising therapeutic agent for prostate cancer.
Our prior studies also demonstrated that CUR nanoformulations have potent anti-cancer
characteristics in cancer cells [29, 33].

In summary, our data reports that cellulose-CUR nanoformulation exhibited superior anti-
cancer properties. The Food and Drug Administration (FDA) considers cellulose polymers
to be safe (GRAS) when used in number of food, ophthalmic, cosmetic, drug additive, and
adhesive products. In addition, cellulose used in this study is highly employed by the
pharmaceutical industry to make pills and gel capsules. The novel cellulose-CUR
nanoparticle formulation developed in this study holds the potential to advance to pre-
clinical animal studies and to clinical studies. Further, the available functional hydroxyl
groups of cellulose, their CUR nanoformulations, can be utilized for immunoconjugation for
efficient tumor targeted delivery.

4. CONCLUSION
Developing a suitable CUR nanoformulation for efficient prostate cancer therapy is a
challenge. For this, we scrutinized various nanoformulations of CUR for superior anti-
cancer effects in prostate cancer treatment. Among CUR, PLGA, β-cyclodextrin, cellulose,
dendrimer and magnetic nanoparticle based nano-CUR formulations, the cellulose-CUR
nanoformulation exhibited significantly higher intracellular uptake as well anti-cancer
efficacy. Our results suggest the cellulose-CUR formulation possesses characteristics which
will improve the therapeutic treatment of prostate cancer; however, further pre clinical and
clinical studies are warranted in future.
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Fig. 1.
TEM images of CUR, CD-CUR, cellulose-CUR, PLGA NPs-CUR, MNP-CUR and
dendrimer-CUR nanoformulations. Particles were dispersed in water and 2–3 drops were
place on 200 mesh formvar-coated copper grid and imaged at 80 kV. Bar line indicates 200
nm for all images.
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Fig. 2.
FTIR spectra of various polymer/nanoparticles, CUR and CUR nanoformulations. Spectra of
solid powders were recorded on ATR-FTIR plate.
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Fig. 3.
Optical microscopic images of various solvent, polymers/nanoparticles, CUR and CUR
nanoformulation films obtained from aqueous solutions. Bar line indicates 10 microns for all
images.
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Fig. 4.
DSC thermograms of polymer/nanoparticles, CUR and CUR nanoformulations. Heating rate
is 10°C per min.
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Fig. 5.
X-ray diffraction patterns of CUR and CD-CUR, cellulose-CUR, PLGA-CUR, MNP-CUR
and dendrimer CUR nanoformulations.
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Fig. 6.
Cellular uptake of CUR and CUR nanoformulations in PC-3 cancer cells. Cells (5 × 105)
were treated with 10 μM or 20 μM of CUR or equivalent CUR nanoformulations for 6 hrs.
Mean fluorescence of cells was measured by Accuri Flow Cytometer. Data represents
average of 3 repeats. *p < 0.05 represents significant difference from the CUR uptake. Note:
Although dendrimer exhibited higher fold change in fluorescence it is attributed to the
attached CUR formulation on the cancer cells, not internalization.

Yallapu et al. Page 18

Curr Drug Metab. Author manuscript; available in PMC 2013 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Transmission electron micrographs revealing the treatment effect on ultra structural cellular
changes in PC-3 cancer cells in DMSO control, polymer/nanoparticles, CUR and CUR
nanoformulations. Black arrows indicate vacuoles. A distinct morphology with different
contrast was observed with MNP-CUR and dendrimer-CUR formulation treatment.
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Fig. 8.
Anti-cancer potential of nanocurcumin in prostate cancer cells. (A) Anti-proliferative effect
of CUR and cellulose-CUR treatment in C4-2, DU-145, LNCaP, and PC-3 cancer cells (A).
Cells were treated with CUR or cellulose-CUR and on day 2 cell viability was measured by
MTT assay using UV-vis spectrophotometer at 492 nm. Data is mean ± SEM (n = 6).
DMSO and cellulose were used as controls. (B) IC50 values obtained from the proliferation
experiments.
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Fig. 9.
Colony formation assays of prostate cancer cells treated with CUR or cellulose-CUR. Data
represent mean of 3 repeats for each treatment, mean ± SEM (n = 3). DMSO and cellulose
control did not show any effect on colony formation. Note: LNCaP cells have difficulty
forming colonies and therefore are not used in this assay.
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Fig. 10.
Analysis of cellular apoptosis by CUR and cellulose-CUR treatment (7AAD positive cells).
Data represent mean of 3 repeats for each treatment (Mean ± SE; *p < 0.05, compared to the
equivalent dose of curcumin).
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