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Combination of chemopreventive and/or therapeutic agents is the imminent smart approach to cope up
with cancer because it may act on multiple targets through different pathways. In the present study, we
have synthesized multiple chemopreventive and/or therapeutic agents (Curcumin, Quercetin and
Aspirin) loaded nanoparticles by simple cation-anion interaction among the amine groups of chitosan
(CS) and phosphate groups of sodium hexametaphosphate (SHMP). These nanosized bioactive materials
(CS-SHMP-CQA-NPs) were well characterized and found most effective in colon cancer cell line (HCT-116)
compared to other cancer cell lines. Triplex chemopreventive and/or therapeutic agents-loaded NPs were
synergistically inducing apoptosis in HCT-116 cells compared to two-chemopreventive agents-loaded
NPs as evident by an increase in sub-Gj cells (percent), and chromatin condensation along with the
decrease in mitochondrial membrane potential (MMP). Interestingly, Chou—Talalay analysis revealed
that CS-SHMP-CQA-NPs showed strong synergistic effect in its all doses. Thus, our study demonstrates
that nanoparticles based bioactive materials significantly inhibit the growth of HCT-116 cells and thus
could be a promising approach for colon cancer chemoprevention.
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1. Introduction

Cancer is the most challenging and complicated disease
nowadays [1—4]. Among all cancers, colorectal cancer is one of
the main cause of death worldwide and second foremost cause of
death in United States that affects both men and women
[5—7]. Although the recent improvement of diagnostic equip-
ments and therapeutic technologies has been able to reduce the
mortality [8,9], the treatment of colorectal carcinoma remains
complicated [10] due to undesired side effects, such as nephro-
toxicity, ototoxicity [11] etc. from traditional chemotherapeutic
agents. Therefore, there is an urgent need to search for
chemopreventive agents [12—14] that would impede cancer
initiation and progression [15]. However, given the
complex etiology [16] of cancer, an individual chemopreventive
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agent may not be sufficient to avert cancer [17]. Therefore,
combination of chemopreventive agents targeting multiple
pathways is required to achieve enhanced therapeutic effect. In
addition, the selection of chemopreventive agents should be
based on their high therapeutic index, less side effects and ease
of administration.

Curcumin (Cur) and quercetin (Quer) are well known chemo-
preventive agents and exhibit anticancer activity by [18,19]
modulating numerous intracellular signaling pathways associated
with inflammation, cellular growth, invasion, mutagenesis, onco-
gene expression, cell cycle alteration, and apoptosis [20—26]. Cur
also prevents chemically induced carcinogenesis in colon [27,28],
forestomach [27] and skin [29,30] without any noticeable side ef-
fects [31,32]. Interesting to note that Cur is in clinical trial (Phase
IIa) for the prevention of colorectal adenomas [33]. Quer also ex-
hibits cancer cell specific anti-proliferative and apoptosis inducing
effect leaving normal cells unaffected [34]. Mouat et al. [35] re-
ported that Quer exerts chemoprotective action towards colon
cancer cells (SW480). Advantageously, combination of Cur and
Quer induces programmed cell death, such as apoptosis, when DNA
damage cannot be successfully repaired [36]. On the other hand,
aspirin (Acetylsalicylic acid), a member under the classification of
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nonsteroidal anti-inflammatory drugs (NSAIDS), is known to
reduce cancer cell progression [37—39] by generating several anti-
inflammatory cytokines [40—42]. Recently, found the fact that
NSAID drugs, mostly the cyclooxygenase (COX)-2 inhibitors, are the
promising candidate for cancer prevention [40,43,44]. In case of
growth and invasion of colon cancers, the concentration of pros-
taglandins, particularly the E, series (PGE;), cyclooxygenase-2
(Cox-2), HGF receptor (c-Met-R), beta-catenin and epidermal
growth factor receptor (EGFR) are increased [45]. However, so far,
mixed reports are available regarding the use of aspirin (Asp) in
colon cancer as a chemopreventive agent [46,47]. Thus, it is
important to study the chemopreventive activities of Asp in colon
cancer cells in detail.

Therefore, keeping all these in mind that Cur, Quer and Asp have
anticancer activities with least side effects and different targets, we
questioned whether the combination of Cur, Quer and Asp, could
demonstrate synergistic chemopreventive and/or therapeutic ef-
fects in colon cancer cell lines. To the best our knowledge, till date,
no group has reported the combinatorial anticancer effect of Cur,
Quer and Asp in colon cancer cells. However, the therapeutic effi-
cacy of Cur as chemopreventive agent, either single or in combi-
nation, is jeopardized by its poor bioavailability which may be
overcome by making it nanotized [48,49]. In addition, nanotization
of triplex chemotherapeutic agents would improve circulation time
through the enhanced permeability and retention (EPR) effect
[50,51].

Chitosan (CS), a highly biocompatible and biodegradable matrix
[52] was chosen as a nanocarrier to deliver the nanoparticles of
triplex chemopreventive and/or therapeutic agents. CS has large
number of free amine groups which were cross linked with sodium
hexametaphosphate (SHMP) [53] to built CS-SHMP nanoconjugate
through electrostatic interactions. Overall, all the three chemo-
preventive and/or therapeutic agents were entrapped inside the
CS-SHMP nanoconjugate which formed self-assembled nano-
particles (CS-SHMP-CQA-NPs).

Herein, we demonstrate that co-delivery of Cur, Quer and Asp
loaded chitosan-SHMP nanoconjugate exhibited synergistic che-
mopreventive and/or therapeutic effects through apoptosis in co-
lon cancer cell lines (HCT-116). Although, Cur and Quer
combination have been studied as a chemopreventive agent in
gastric cancer (MGC-803) cells [36] but chemopreventive efficacy
of the combination of Cur, Quer and Asp in encapsulated form is not
reported hitherto.

2. Materials and methods
2.1. Chemicals

All the specified chemicals and reagents viz., chitosan (75%
deacetylated), sodium hexametaphosphate (SHMP), curcumin
(Cur), quercetin (Quer) and aspirin (Asp) were purchased from
Sigma (Sigma St Louis, MO, USA) unless otherwise stated. Culture
media, fetal bovine serum (FBS), antibiotics-antimycotic solution
and trypsin-EDTA were purchased from Gibco BRL, USA. Plastic
wares and culture wares used in the study were procured
commercially from Nunc, Denmark. Milli Q water (deionized water,
double distilled) was used in all the experiments.

2.2. Cell culture

Cell lines used in the study viz., human epidermoid carcinoma
(A-431), human breast carcinoma (MCF-7), human colon carcinoma
(HCT-116) and immortalized human keratinocyte (HaCaT) cell lines
were initially procured from National Centre for Cell Sciences, Pune,
India and since then have been maintained at, CSIR-Indian Institute

of Toxicology Research, Lucknow, India, following the standard
protocols.

2.3. Preparation of curcumin, quercetin and aspirin loaded chitosan
nanoparticles (CS-SHMP-CQA-NPs)(2)

Initially, CS was dissolved in acetic acid to give a final concen-
tration of 1 mg/mL. The CS solution was adjusted to pH 5 with 2 M
NaOH. Drug (Cur:Quer:Asp) ratios (w/w) were kept at 1:1:3.5. The
drug ratios have been chosen by following Zhang et al. [36] (Cur and
Quer ratio) and Zhou et al. [54] (Cur and Asp ratio) reports to obtain
maximum therapeutic index and synergism. Cur and Quer were
dissolved in ethanol (50 mL), each separately and Asp was dissolved
in water (20 mL). Solution of Cur and Quer in ethanol was added
drop wise into the chitosan solution, followed by Asp in water so-
lution. After that, SHMP solution (0.133% w/v in purified water) [53]
was added drop-wise into the chitosan solutions under constant
magnetic stirring as the nanoparticles formed spontaneously. The
above solution was stirred for 15 h at 25 + 2 °C. Subsequently, the
resulting solution was dialyzed against double distilled water with
stirring for 24 h with the water being changed at least 6 times to
remove unwanted materials. It has been found that 24 h was suf-
ficient to remove unwanted materials in a controlled experiment.
The dialyzed solution was lyophilized for 24 h to obtain yellow solid
[CS-SHMP-CQA (2)]. Nanoparticles were stored at 4 °C under
anhydrous conditions in dark till use.

Similarly, two-drug-loaded nanoparticles [Cur and Quer
entrapped NP, CS-SHMP-CQ (1a); Quer and Asp entrapped NP, CS-
SHMP-QA (1b); Cur and Asp entrapped NP, CS-SHMP-CA (1c)]
were also prepared without altering drug ratios.

2.4. Characterization of the NPs

2.4.1. Percent yield
After achieving the constant weight, yield (%) of NPs was
calculated by using the following formula:

Weight of nanoparticle

~ Weight of (drug + polymer) x 100

Yield (%)

2.4.2. Particle size measurement

The mean particle size and the polydispersity index (PDI) of 1a,
1b, 1c and 2 were determined by dynamic light scattering (DLS)
technique employing a nominal 5 mW He-Ne laser operating at
633 nm wavelength. The freeze dried NP was dispersed in aqueous
buffer and the size was measured. The measurements were carried
out at 25 °C with the following settings: 10 measurements per
sample; refractive indices of CS, 1.523; viscosity of water, 0.89 cP.
The particle size was measured in triplicate.

2.5. Drug loading and entrapment efficiency

The drug loading and encapsulation efficiency were determined
by analyzing the NPs spectrophotometrically using Lambda Bio 20
UV/VIS Spectrophotometer (Perkin Elmer, USA). The amount of Cur,
Quer and Asp present in the nanoparticles was estimated as fol-
lows: a known amount of NPs (1 mg/mL) was dispersed in the
mixture of double distilled water: ethanol (1:1) solution by stirring
the sample vigorously and the absorbance of the solution was
measured at 265, 373 and 426 nm for Asp, Quer and Cur, respec-
tively, and the amount of drug present was calculated from a pre-
viously drawn calibration curve of concentration vs. absorbance
with different known concentrations of the drugs. The percent drug
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loading (%DL) and entrapment efficiency (%EE) were calculated
using the formulas as given below. All the measurements were
performed in triplicate.

7DL—Weight of drug in NPs
T Weight of NPs

x 100

Amount of drug present in the polymeric NPs y

#EE = Weight of drug used

100

2.6. Nanoparticle surface morphology

The surface morphology of the NPs was characterized using
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM).

2.6.1. Transmission electron microscopy (TEM)

Briefly, a drop of aqueous solution of lyophilized powder (1 mg/
mL) was placed on a TEM grid surface and a drop of 1% uranyl ac-
etate was added to the surface of the Formvar-coated grid. After
1 min of incubation, excess fluid was removed and the grid surface
was air dried at 25 + 2 °C before being loaded into the microscope.
The NPs were visualized under the transmission electron micro-
scope (FEI Company, OR, USA) operated at 80 kV, attached to a
Gatan Digital Micrograph (PA, USA).

2.6.2. Scanning electron microscopy (SEM)

The NPs were characterized for their shape, surface morphology,
and particle size distribution by high-resolution field emission SEM
(Quanta FEG 450, FEI, Netherlands). The sample was placed on a
double-stick conducting carbon tape over an aluminum stub and
coated with gold under an argon atmosphere by means of a sputter
coater (SC 7620, mini sputter coater, Quorum Technology Ltd., UK).
Samples were analyzed at an accelerating voltage of 10 kV and a
working distance of 10 mm in a high-vacuum mode.

2.7. Evaluation of chemopreventive agents released from NPs

To determine the release profile of nanoparticles, a known
quantity of the particles (~5 mg) was dispersed in 1 mL of phos-
phate buffered saline (PBS), at pH 7.4 and 6.5, and kept in the
dialysis tube, which was suspended in 20 mL of PBS in a glass vial
and the solution was stirred at 240xg at 37 °C. At pre-determined
intervals of time, samples were collected (ca. 200 uL) from the glass
vial followed by spectroscopic analysis at 265 nm, 373 nm and
426 nm for Asp, Quer and Cur, respectively, using UV/VIS spectro-
photometer. The same amount of fresh buffer was added to the
glass vial and the release study was continued. The quantity of the
released drug was then calculated using a previously drawn stan-
dard curve of the pure drugs in PBS.

2.8. Cell viability by MTT and NRU assays

The cytotoxicity of CS-SHMP-CQA-NPs was evaluated in the
growing cultures of human epidermoid carcinoma (A-431), human
breast carcinoma (MCF-7), human colon carcinoma (HCT-116) and
immortalized human keratinocyte (HaCaT) cell lines by MTT assay.
Furthermore, the alteration in cell viability (MTT assay) was per-
formed for 1a, 1b, 1c and 2 to estimate the therapeutic efficacies
between two- and three-drug-loaded NPs. In addition, cell viability
assay (MTT) was performed by different drug concentrations of
two-drug-loaded NPs 1a, 1b and 1c (Fig. S1). The cellular responses

by different drug concentrations of 2 were also assessed by MTT
and NRU assays in HCT-116 cell lines. The cells were treated with
various concentrations (0.3, 0.7 and 1.4 ug/mL) of free Cur; (1.1, 2.8
and 5.5 pg/mL) of free Quer; (0.3, 0.8 and 1.6 ug/mL) of free Asp; free
drug combination 1 [Cur (0.3 pg/mL) + Quer (1.1 pg/mL) + Asp
(0.3 pg/mL)]; free drug combination 2 [Cur (0.7 pg/mL) + Quer
(2.8 pg/mL)+Asp (0.8 pg/mL)]; free drug combination 3 [Cur
(1.4 pg/mL) + Quer (5.5 pg/mL) + Asp (1.6 pg/mL)]; (2, 5 and 10 pg/
mL) of CS-SHMP-CQA-NPs for a period of 48 h in HCT-116 cell lines.
Specifically, 2, 5 and 10 ug/mL doses of 2 contain (0.3, 0.7 and 1.4)
pg/mL of Cur; (1.1, 2.8 and 5.5) pg/mL of Quer and (0.3, 0.8 and 1.6)
pg/mL of Asp, respectively.

Briefly, 1 x 10* cells/well were seeded in 96-well plates and
allowed to adhere for 24 h. The medium was replaced and cells
were washed with PBS. The cells were then incubated with drugs
for a period of 48 h. After the completion of incubation period, cells
were washed with PBS and the cells of different groups were pro-
cessed for standard protocol for viz., tetrazolium bromide salt MTT
assay (MTT), and neutral red uptake assay (NRU). The detailed
protocols are given below:

MTT assay: In brief, cells (1 x 10%) celljwell were seeded in 96-
well plates and kept in CO; incubator for 24 h at 37 °C prior to
experiment. The various treatments were given as per mentioned
above and kept in incubator for 48 h and followed by MTT (5 mg/
mL) was added with 200 uL complete medium. The culture plates
were washed twice with PBS and 200 pL DMSO was added to each
well and mixed well to dissolve the content. The absorbance was
recorded at 530 nm by using multiwell micro plate reader (Fluostar
Omega-BMG Labtech).

Neutral red uptake assay: Briefly, after treatment for 48 h, the
culture well plates were allowed to incubate for 3 h in complete
medium (DMEM F-12 HAM) containing Neutral Red (NR) dye
(50 pg/mL) followed by a quick wash with fixative (1% w/v CaCly;
0.5% v|v formaldehyde) to remove the unbounded dye. The accu-
mulated dye was extracted with 50% ethanol containing 1% (v/v)
acetic acid and plates were kept for 20 min on a shaker. The
absorbance was recorded at 540 nm.

2.9. Analysis of interaction between curcumin, quercetin and
aspirin

Compusyn software program (version 1.0), based on the
Chou—Talalay method, was employed to determine the nature of
interaction between the two-/three-agents. This method utilizes a
multiple drug-effect equation derived from enzyme kinetics model
in which the output is represented as combination indexes (CI).
Compusyn software defines synergy as CI value less than 1. Based
on CI values, the extent of synergism/antagonism may be deter-
mined [55]. In brief, CI values between 0.9 and 0.85 would suggest a
slight synergy, whereas those in the range of 0.7 to 0.3 are indic-
ative of clear synergistic interactions between the drugs/agents. On
the other hand, CI values in the range of 0.9—1.1 suggest a near
additive effect and values more than 1.1 indicate antagonism. We
have determined CI values for all two-and three-drug-loaded NPs
(1a,1b,1c and 2). For detailed in vitro studies, the dose was selected
considering both the therapeutic efficacy and extent of synergism.
The synergistic doses of 5 and 10 pg/mL for CS-SHMP-CQA-NPs
showed below ICs¢ value and were used for all in vitro experi-
ments. Doses of free Cur, Quer and Asp were chosen according to
their entrapment efficiencies in CS-SHMP-CQA-NPs (10 pg/mL).

2.10. EB/AO morphology assay

For the determination of live, apoptotic and necrotic cells, assay
was performed as described by Ribble et al. [56] Cocktail of EB and
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AO (100 pg/mL) was prepared in phosphate-buffered saline. This
assay is based on apoptosis induced characteristic nuclear
condensation and fragmentation, whereas necrosis is characterized
by the inability to exclude vital dye, leading to orange staining of
nuclei. This procedure was used for qualitative analysis of apoptotic
and necrotic cells after the treatment of (1.4 pg/mL) of free Cur;
(5.5 pg/mL) of free Quer; (1.6 pg/mL) of free Asp; (5 and 10 pg/mL)
of CS-SHMP-CQA-NPs and control, cells were incubated for 30 min
with cocktail of EB/AO (100 mg/mL). Free drug treatments are
chosen as per the drug content in the highest dose of CS-SHMP-
CQA-NPs i.e. 10 pug/mL. The apoptosis/necrosis was observed by
fluorescence images in upright microscope (Nikon Eclipse 80i
equipped with Nikon DS-Ril1 12.7 megapixel camera, Japan). For
each group, all cells in four image frames were analyzed using NIH
Image] analysis software (USA) by following literature reports
[57,58]. Green stained cells were counted as live cells and bright
orange/red stained cells were counted as apoptotic/necrotic cells.
Percent (%) apoptotic cells were measured for each group [57].

2.11. Mitochondrial membrane potential assay

2.11.1. JC-1 staining

Qualitative and quantitative change of MMP was measured by
JC-1 stain (Sigma-Aldrich kit). In healthy cells, JC-1 forms J-aggre-
gates which display strong fluorescent (red) intensity with excita-
tion and emission at 560 and 595 nm, respectively. However, in
apoptotic cells, JC-1 exists as monomers which show strong fluo-
rescent (green) intensity with excitation and emission at 485 and
535 nm, respectively. Cells were exposed to (1.4 ug/mL) of free Cur;
(5.5 pg/mL) of free Quer; (1.6 pg/mL) of free Asp; (5 and 10 pg/mL)
of CS-SHMP-CQA-NPs for 24 h. Free drugs treatments are chosen as
per the drug content in the highest dose of CS-SHMP-CQA-NPs i.e.
10 pg/mL. After treatment, cells were incubated with 5 uM JC-1
(ENZO life sciences) stain for 30 min at 37 °C, washed and images
were visualized by fluorescence microscope [59] (Nikon Eclipse 80i
equipped with Nikon DS-Ri1 12.7 megapixel camera, Japan). Fluo-
rescent intensity per cell in four image frames for each group was
quantified using NIH Image] analysis software (USA) by following
reports [60—63]. Mitochondrial depolarization in each group was
quantified by calculating the ratio of red to green fluorescent in-
tensity and was normalized to the control (red-to-green fluorescent
ratio of control considered as 1) [62—64].

2.11.2. Mitotracker and DAPI staining

Changes in MMP were also examined by mitotracker/DAPI
florescent dye; Life Technologies (M7512). Briefly, (1.4 pg/mL) of
free Cur; (5.5 pg/mL) of free Quer; (1.6 pg/mL) of free Asp; (5 and
10 pg/mL) of CS-SHMP-CQA-NPs [free drugs treatments are chosen
as per the drug content in the highest dose of CS-SHMP-CQA-NPs
i.e. 10 pg/mL] treated cells were incubated with mitotracker
(100 nM) for 15 min at 37 °C and then washed twice with pre-
warmed PBS/DMEM. The cells were then fixed with 4% para-
formaldehyde for 20 min, permeabilized in triton X-100 (0.1%) for
20 min and stained with DAPI (0.1 pg/mL) for 5 min at 37 °C. After
washing the cells with PBS three times, images were acquired by
Leica TCS-SPE (Leica Microsystem Nusloch Germany) microscope
[65]. Fluorescent intensity per cell in four image frames for each
group was quantified using NIH Image] analysis software (USA) and
percent (%) fluorescent intensity (red) was measured by following
reported method [20].

2.12. Cell cycle analysis

Cells were treated with (1.4 pg/mL) of free Cur; (5.5 pg/mL) of
free Quer; (1.6 pg/mL) of free Asp and (5 and 10 pg/mL) of 2 for 24 h

[free drugs treatments are chosen as per the drug content in the
highest dose of CS-SHMP-CQA-NPs i.e. 10 pg/mL] and then cells
were trypsinized and kept in 70% alcohol at 4 °C for 24 h followed
by cells were centrifuged at 600 xg for 10 min and washed with PBS.
After washing, cells were re-suspended in PBS and cells were
incubated with RNase (0.1 mg/mL) and 0.05% triton-X-100 for
30 min at 37 °C. Finally, cells were stained with PI (50 pg/mL) and
kept in the dark for 30 min prior to analysis. The altered DNA
contents were determined by flow cytometer (Influx, BD, USA) with
the help of Cell Quest program and Mod Fit software.

2.13. Statistical analysis

All the data expressed as mean + standard deviation (SD) were
representative of at least three or four independent experiments.
When comparing more than two mean values of groups, one-way
analysis of variance (ANOVA) followed by Tukey's post hoc test
using Prism software (GraphPad Software Inc., Version 3.0, CA,
USA) was performed. P value less than 0.05 was considered as
statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of chemopreventive and/or
therapeutic agents loaded nanoparticles

The physically cross linked NPs were synthesized by positive
charge carrier deacetylated chitosan and negative charge carrier
sodium hexametaphosphate. After addition of CS and SHMP in
water at acidic pH (pH = 5), it is expected to form physically cross
linked CS-SHMP polymer (Fig. 1A). Three different chemo-
preventive agents were entrapped inside the physically cross linked
polymer to form self-assembled nanoparticle. Cur, Quer and Asp
loaded NPs were prepared with a ratio (w/w) of Cur:Quer:Asp
(1:1:3.5) [36,54] drug:polymer (1:10) [66] in double distilled water
at 25 + 2 °C to achieve optimum therapeutic index. The yield of 2
was found to be ~55%. Cur, Quer and Asp loading in physically cross
linked CS-SHMP-NPs (2) was obtained with encapsulation effi-
ciency of ~14, 55 and 16% for Cur, Quer and Asp, respectively. The
alteration in the drug ratios occurred after entrapment could be
attributed to the dissimilar interactions between the drugs and
polymer matrix which is literature precedence [67]. The percent
drug loading (%DL) was 1.5, 6.2 and 6.5% for Cur, Quer and Asp,
respectively, of the physically cross linked CS-SHMP weight. It was
speculated that the drugs were accommodated in the pocket
generated by physically cross linking with cationic CS and anionic
SHMP (Fig. 1B).

We have also prepared all possible combination of two-drug-
loaded nanoparticles [CS-SHMP-CQ (1a), CS-SHMP-QA (1b), and
CS-SHMP-CA (1c)] by following similar procedures to compare
therapeutic efficacies as well as synergism with three-drug-loaded
NPs (2). In case of two-drug-entrapped NPs, yields were found to be
72%, 65% and 52% for 1a, 1b, and 1c, respectively. Moreover,
encapsulation efficiencies of drugs for 1a, 1b, and 1c were listed in
Fig. 2A.

3.2. Size measurements

Sizes of the synthesized nanoparticles are a prerequisite for its
efficient entry inside the cell. The sizes of the NPs (1a, 1b, 1c and 2)
were determined by dynamic light scattering (DLS) and revealed
hydrodynamic diameters from 92 to 128 nm for this series (Fig. 2A).
The average diameter of 2 was found to be 92 nm (PDI = 0.12) by
DLS (Fig. 2B), which showed no sign of aggregation. Moreover, the
size and surface morphology of 2 were determined by transmission
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Fig. 1. Schematic diagram for the preparation of (A) SHMP cross linked chitosan (CS-SHMP) and (B) multiple drug loaded SHMP cross linked chitosan nanoparticles.

electron microscopy (TEM) (Fig. 2C) and scanning electron micro-
scopy (SEM) (Fig. 2D), where 2 NPs were found to be almost
spherical with size of 42—57 nm and 45—61 nm according to SEM
and TEM, respectively. It is noteworthy that the particle size ob-
tained by TEM and SEM are similar. However, the particle size
determined by SEM and TEM was found to be significantly smaller
than that measured by DLS measurements. This might be due to the
fact that DLS measures hydrodynamic diameter of NPs, wherein,
the amphiphilic NPs were surrounded by water molecules.

(A) Average

Nanoparticles | particle size

by DLS (nm)

1a 11845.6
1b 128+0.9
1c 101+1.2
2 92+0.7
©

(B)

Intensity (%)

01 1 10
Size (d.nm)

Moreover, chitosan has a tendency to swell in aqueous medium
[68]. Conversely, SEM and TEM are used to measure the size of
dehydrated NPs only. We deliberately kept the size of the NPs
<150 nm assuming that smaller sized particles will have better
cellular uptake and thereby would enhance efficiency of the anti-
tumor drug. It is worth mentioning that the above sized NPs are
adequate to reach the cancer cells, since the characteristic pore size
cutoff of subcutaneously grown tumor ranges between 0.2 and
1.2 pm [66,69].

Entrapment effi
(%)

Cur Quer
15 58 S
- 52 15
19 - 13
14 55 16

Fig. 2. Characterization of curcumin, quercetin and aspirin encapsulated CS-SHMP nanoparticles (A) Sizes by dynamic laser light scattering (DLS) and entrapment efficiencies of
two- and three-drug-loaded nanoparticles (1a, 1b, 1c and 2). (B) Representative picture of size distribution of 2 by DLS. (C) and (D) TEM and SEM images for 2.
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3.3. In vitro release profile of Cur, Quer and Asp loaded CS-SHMP-
NPs

For designing an efficient NP-based drug delivery system, it is
pertinent to characterize the retention and release properties of
the drugs in vivo. To mimic the stability of chemopreventive
agents loaded NPs in extracellular pH of normal tissues (in vivo);
we carried out in vitro drug release study at the physiological pH
(7.4). However, extracellular pH of most solid tumors is much
lower than normal tissues and is ranging from pH 6.5 to 7.2.
Thus, in vitro drug release study of 2 was also carried out at acidic
pH (6.5). The release kinetics of all the three chemopreventive
and/or therapeutic agents (Cur, Quer and Asp) from the NPs are
the deciding factor for its efficient delivery at the site. For this,
we examined the release pattern of 2 in PBS for 10 days at 37 °C
(Fig. 3). Pattern of drugs release was slow and controlled [70],
indicating its availability over a period of time. Drugs released
from the NPs was found to be ~50, 20 and 60% at pH 7.4 and ~59,
25 and 66% at pH 6.5 for Cur, Quer and Asp, respectively, after
24 h followed by sustained release over an extended period of 7
days. Specifically, ~85, 92 and 99% of Cur, Quer and Asp,
respectively, released from CS-SHMP-NPs after 7 days at pH 7.4.
Interestingly, we found that the amount of drug release from 2 is
faster at acidic pH than the physiological pH (7.4) (Fig. 3). It is
believed that due to the presence of excess H' ions the electro-
static interaction between CS and SHMP becomes weaker in
acidic pH (6.5) compared to physiological pH (7.4). Therefore, it is
expected that the release of drugs at the extracellular part of
tumor would be high. These results indicate that 2 can be used as
multiple drug carriers for antitumor activity.

3.4. Cell viability by MTT and NRU assays

To evaluate the anticancer effect of the combination of che-
mopreventive and/or therapeutic agents, cell viability assays
were performed in HCT-116, A-431, MCF-7 and HaCaT cell lines.
CS-SHMP-CQA-NP (2) efficiently reduced the cell viability in all
cancer cell lines as ICsqg values are 2.2, 9.5, 12.2 and 55 pg/mL for
HCT-116, A-431, MCF-7 and HaCaT cell lines, respectively
(Fig. 4A). However, among all cancer cell lines, 2 showed signif-
icant and synergistic reduction of cell viability in HCT-116
compared to normal HaCaT cells. Therefore, we have performed

rest of the in-vitro studies in HCT-116 cell lines only. Moreover, to
compare the therapeutic index and extent of synergism by two-
and three-drug-loaded NPs, MTT assay was performed for 1a, 1b,
1c and 2 in HCT-116 cell lines (Fig. 4B). Three-drug-loaded NPs
(2) showed much lower ICsq value ~ (2 + 0.56 pg/mL) whereas
two-drug-loaded NPs had ICsg values of ~11 + 1, 13 + 0.6, and
18 + 0.3 pg/mL for 1a, 1b, and 1c, respectively. Therefore,
three-drug-loaded NPs showed significant and synergistic
reduction in HCT-116 cells compared to two-drug-loaded NPs
(Fig. 4B, Fig. S1).

The alterations in cell viability were further performed with
the treatment of Cur (0.3, 0.7 and 1.4 pg/mL), Quer (1.1, 2.8 and
5.5 pg/mL), Asp (0.3, 0.8 and 1.6 pug/mL), free drug combination 1
[Cur (0.3 pg/mL) + Quer (1.1 pg/mL) + Asp (0.3 pg/mL)], free drug
combination 2 [Cur (0.7 pg/mL) + Quer (2.8 pg/mL) + Asp
(0.8 pug/mL)], free drug combination 3 [Cur (1.4 pg/mL) + Quer
(5.5 pg/mL) + Asp (1.6 pg/mL)] and CS-SHMP-CQA-NPs (2) (2, 5
and 10 pg/mL) in HCT-116 cell lines by MTT and NRU assays to
estimate the anticancer effect of three-drug-loaded NPs. Specif-
ically, 2, 5 and 10 ug/mL doses of 2 contain (0.3, 0.7 and 1.4) pg/
mL of Cur; (1.1, 2.8 and 5.5) pg/mL of Quer and (0.3, 0.8 and 1.6)
ng/mL of Asp, respectively. From cell viability assays, it was found
that 2 (10 pg/mL) showed highest reduction in cell viability in
HCT-116 cell lines after 48 h treatment. In HCT-116 cell lines, 2
(10 pg/mL) showed ~2.2, ~1.8 and ~2.3-fold reduction in cell
viability than its corresponding free drugs concentrations, Cur
(1.4 pg/mL), Quer (5.5 pg/mL) and Asp (1.6 ug/mL), respectively,
in MTT assay. Interestingly, 2 (10 pg/mL) showed ~1.8-fold
reduction in cell viability than its corresponding free drugs
combination 3, [Cur (1.4 pg/mL) + Quer (5.5 pg/mL) + Asp
(1.6 pg/mL)], in HCT-116 cell lines (Fig. 5A). Overall, the MTT
assay revealed that the 2 (10 pg/mL) dose is the most effective
and significant (p < 0.05) than all other doses including free
drugs in combinations in HCT-116 cell lines. The free chemo-
preventive agent treatments are chosen as per the drug content
in highest dose of 2 (10 pg/mL) in all other in vitro studies. The
results obtained by NRU assay are similar as MTT assay in HCT-
116 (Fig. 5A and B). Thus, from both the assays, it is important
to note that the triplex chemopreventive/therapeutic agents in
nanoparticles form showed most effective in colon cancer cell
lines. Therefore, it may be speculated that combination of mul-
tiple chemopreventive and/or therapeutic agents in nano-
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Fig. 3. In vitro release profile of Cur, Quer and Asp loaded NPs (2) at pH 7.4 and 6.5.
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Fig. 5. Representative histogram of cell sensitivity of HCT-116 cells treated with free drugs, free drug combinations and triplex drug-loaded NPs by (A) MTT and (B) NRU assays.
Three independent experimental data were summarized as mean + SD. [*p < 0.05 versus control].

particulate form may show potential anticancer activity in
in vivo.

3.5. Synergism

The combination of Cur, Quer and Asp in NP form causes a
higher inhibition of growth in colon cancer cell lines (HCT-116)
in vitro than either agent alone. The primary aim of this study is
to evaluate whether combination of triplex chemopreventive
agents in nanoparticle form would be a better therapeutic agent
than the individual/combining form of free chemopreventive
agents/two-drug-loaded NPs. Initially, the effects of free/combi-
nation of chemopreventive agents were evaluated in HCT-116 cell
lines and then the data obtained from this study were plotted for
the analysis of synergism by combination index (CI) method
(Chou—Talalay method) [55]. Both, MTT and NRU data revealed
that the triplex chemopreventive/therapeutic agents in the

nanoparticle form (2) showed a dose dependent and greater cell
reduction than not only the drugs alone but two-drug-entrapped
NPs (1a, 1b, and 1c) also (Figs. 4B and 5A & B and Fig. S1). The
combination index (CI) for 2 (2, 5 and 10 pg/mL) treatment was
found to be below 1; CI = 0.19, 0.33 and 0.56, respectively, sug-
gests that the combination of chemopreventive agents as a NP
interacts synergistically (Table 1 and Fig. 6D). However, two-
drug-loaded NPs showed much higher CI values, thus indicated
less synergism in all doses (Table 1 and Fig. 6A—C). None of two-
drug-entrapped NPs, except CS-SHMP-CQ (CI = 0.97; slight syn-
ergism/additive effect), showed synergistic effect in HCT-116 cell
lines which is also apparent from cell viability responses by
different concentrations of two-drug-loaded NPs (1a, 1b, and 1c)
(Fig. S1). Therefore, it is evident that three-drug-loaded NPs are
more effective to inhibit colon cancer in HCT-116 cell lines
than two-drug-loaded NPs. Hence, triplex chemopreventive/
therapeutic agents loaded nanoparticles (CS-SHMP-CQA-NPs)
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Table 1

89

Cell fraction affected at different doses of 1a, 1b, 1¢, and 2 and their corresponding CI values in HCT-116 cells.

Nanoparticles Dose (ug/mL)

Fraction affected (Fa) Combination Index (CI)

Two-drug-loaded NPs 1a 2 0.10 2.68825
5 028 097555
10 035 1.27262
1b 2 0.15 1.23156
5 025 112392
10 032 1.30281
1c 2 0.05 1.01313
5 0.11 1.36611
10 028 1.22575
Three-drug-loaded NPs 2 2 0.479 0.19304
5 0.575 0.33455
10 0.627 055627
2
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Fig. 6. Combination index (CI)—fraction affected (Fa) plot of two-drug-loaded NPs (1a, 1b, and 1c) and three-drug-loaded NPs (2) at 2, 5 and 10 pg/mL doses in HCT-116 cells: (A) 1a;
(B) 1b; (C) 1c; (D) 2. Generally, a CI < 1 indicates synergism between the drugs, a CI < 0.3 indicates strong synergy, CI = 1 indicates additive effect and CI > 1 indicates antagonistic

effect.

are only considered for rest of in vitro studies. Furthermore, CS-
SHMP-CQA-NPs (5 and 10 pg/mL) were selected as doses for
all studies considering both the therapeutic efficacy and extent of
synergism. However, CS-SHMP-CQA-NPs (10 pg/mL) found
to be most effective dose for in vitro studies with strong
synergism.

3.6. Cur, Quer and Asp loaded CS-SHMP-NPs induced apoptosis

Apoptosis is the vital cellular process by which many drugs
induce cell-cycle arrest at sub-G; phase and thus destroy tumor
cells [71]. The apoptosis inducing potential of CS-SHMP-CQA-NPs
was examined by analyzing percent (%) cells with sub-Go/Gq
DNA content. Particularly, the flow-cytometric analysis demon-
strates that a significant shift (p < 0.05) in Go/G; phase in 2 treated

HCT-116 cells compared to control and free drugs treated cells
(Fig. 7). Specifically, 2 (10 pg/mL) treated HCT-116 cells showed
~1.7 fold higher number of cells with sub-diploid DNA content
than Cur and Quer treated cells. However, cell cycle arrest at sub-
G phase in 2 (10 pg/mL) treated cells is ~6.1-fold more than Asp
treated cells.

The cell cycle arrest in Go/G1 phase is indicating the progression
of apoptosis. Cur, Quer and Asp loaded CS-SHMP-NP mediated
apoptosis/necrosis was further established by ethidium bromide
and acridine orange (EB/AO) morphological assay (Fig. 8A and B).
Viable cells showed green fluorescence, while early, late apoptotic
and necrotic cells showed several yellow-orange and red DNA
(Fig. 8A). Control and Asp (1.6 ug/mL) treated cells showed normal
morphology, however, Cur (1.4 png/mL), Quer (5.5 pg/mL), NP (5 pg/
mL) and NP (10 pg/mL) treated cells showed increase in number of
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Fig. 7. Flow cytometric analysis of HCT-116 cells with sub-G; DNA content in (A) Control, (B) Aspirin (1.6 pg/mL), (C) Curcumin (1.4 pg/mL), (D) Quercetin (5.5 pug/mL), (E) CS-SHMP-
CQA-NP (5 pg/mL), and (F) CS-SHMP-CQA-NP (10 pg/mL). Data represented as mean =+ SD of three independent experiments.

apoptotic cells and necrotic cells. Among them NP (10 pg/mL)
treated cells showed maximum number of apoptotic/necrotic cells.
The staining images for each group were analyzed by NIH Image]
software (USA) [57,58]. Fig. 8B is clearly depicted that 2 induced
significant cell damages/cell death in comparison to free drugs
exposed cells. The percent (%) apoptotic cells indicated that CS-
SHMP-CQA-NP (10 pg/mL) showed ~2, ~1.4, ~3 and ~1.4-fold more
apoptotic/necrotic cells compared to control, Asp (1.6 pg/mL), Cur
(14 pg/mL) and Quer (5.5 pg/mL) treated cells, respectively
(Fig. 8B). The data are in well co-ordination with cytotoxicity assays
(MTT and NRU). Overall, data revealed that synergistically inter-
acted triplex combination of chemopreventive and/or therapeutic
agents in nanoparticle form showed more apoptotic/necrotic cells
than the free drugs.

3.7. Mitochondrial membrane potential (MMP)

Mitochondrial dysfunction is a key feature of cells undergoing
apoptosis [72]. Therefore, mitochondrial membrane potential
(MMP, Ad,) was detected by a MMP sensitive fluorescent dye JC-1.
Monomer JC-1, displays green fluorescence with excitation and
emission at 485 and 535 nm, accumulates in the mitochondrial
matrix under the condition of high mitochondrial membrane po-
tential of healthy cells where it forms JC-1 aggregates which show
red fluorescence with excitation and emission at 560 and 595 nm.
However, in apoptotic cells, JC-1 remains as monomer form due to

mitochondrial dysfunction under the condition of low mitochon-
drial membrane potential [64]. Thus, mitochondrial membrane
depolarization can be measured by the extent of red to green
fluorescence shift. The fluorescent images of mitochondria showed
red fluorescence in control and free drugs treated cells, showing
active mitochondria, but CS-SHMP-CQA-NPs showed dose depen-
dent enhancement in green fluorescence with decreased mito-
chondrial activity (Fig. 9A). Therefore, the exposure of CS-SHMP-
CQA-NP (2) showed significant red to green shift in fluorescence
of JC-1 dye compared to control and free drug treatments. These
results suggested that the increased amount of JC-1 aggregates was
accumulated in CS-SHMP-CQA-NP (2) treated groups. Thus, mito-
chondrial membrane integrity is lost by inducing depolarization of
mitochondrial membrane potential by CS-SHMP-CQA-NP. Fluores-
cence intensity was quantified in each group using NIH analysis
software (USA) [60—63], and the ratio of red to green fluorescence
intensity was calculated [62—64] which is clearly depicted that
triplex chemopreventive agents loaded CS-SHMP-CQA-NPs syner-
gistically induced ~3, ~2.6, ~1.4 and ~1.1 fold loss of membrane
potential in comparison to control, Asp (1.6 pg/mL), Cur (1.4 pg/mL),
and Quer (5.5 pg/mL), respectively, (Fig. 9B).

The DNA damage and reduced mitochondrial membrane po-
tential in case of triplex drug-loaded NPs (2) were analyzed by
mitotracker/DAPI staining and also confirmed that the prominent
formation of chromatin condensation in case of 2 treated cells
(Fig. 10A). The quantitative analysis of mitotracker/DAPI staining for
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Fig. 8. (A) Morphological assays by EB/AO in cells to identify live, apoptotic and necrotic cells with the fluorescence of green, bright orange and red, respectively. The HCT-116 cells
exposed to control and Aspirin (1.6 pg/mL) treated showed live cells (green), Curcumin (1.4 ug/mL), Quercetin (5.5 ug/mL), and CS-SHMP-CQA-NPs (5 and 10 pg/mL) treated cells
showed apoptotic (bright orange) and necrotic cells (red). (Scale bar = 10 pm). (B) Percent (%) apoptotic (bright orange and red) cells in control, Aspirin (1.6 pg/mL), Curcumin
(1.4 pg/mL), Quercetin (5.5 pg/mL), and CS-SHMP-CQA-NPs (5 and 10 pg/mL) treated HCT-116 cells by EB/AO staining. Data represented as mean + SD of four image frames.
[**p < 0.001 versus control, *p < 0.01 verses Quer and Asp, *p < 0.001 verses control and Cur].
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Fig. 9. (A) Mitochondrial membrane potential (MMP, Ady,) by fluorescent dye JC-1 in control, free drugs and CS-SHMP-CQA-NPs (5 and 10 pg/mL) (JC-1 aggregates showed red color
and green colors were from JC-1 monomers) (Scale bar = 10 um). (B) Quantification of red to green JC-1 fluorescence intensity for drugs and CS-SHMP-CQA-NPs treated cells
normalized to control. Data represented as mean + SD of four image frames [*p < 0.01 versus control and NP (5 pg/mL)].

the loss of mitochondrial membrane potential was calculated by (1.4 pg/mL) and Quer (5.5 pg/mL) treated cells, respectively
NIH Image] software (USA) [20]. The percent (%) red fluorescence (Fig. 10B). Therefore, the combination of triplex chemopreventive
intensity revealed that ~1.9, ~1.7, ~1.5 and ~1.5-fold decease in MMP agents in nanoparticles form significantly (p < 0.05) increased
in case of NP (10 pg/mL) compared to control, Asp (1.6 pg/mL), Cur apoptosis in HCT-116 cells compared to individual drug treatment.
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Fig. 10. (A) Mitotracker Red CMX-Ros/DAPI staining showed mitochondrial depolarization and DNA damage. (Scale bar = 10 pm). (B) Percentage (%) red fluorescence intensity of
Mitotracker Red CMX-Ros/DAPI staining. Data represented as mean + SD of four image frames [*p < 0.01 versus control].

4. Conclusions prepared by means of electrostatic interactions. CS-SHMP polymer
matrix not only holds multiple chemopreventive agents but also
A simple method was applied to entrap multiple chemothera- showed controlled drug release pattern, which was beneficial for

peutic agents in amphiphilic CS-SHMP polymer matrix, which was efficient drug delivery. The formulation of Cur, Quer and Asp loaded
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CS-SHMP-NPs significantly induced apoptosis, which was reflected
by the decrease in MMP and increase in sub-Gq cell population
compared to the free chemopreventive agents in combination and
two-drug-loaded nanoparticles. Moreover, three chemopreventive
agents in NPs inhibited the progression of colon cancer cells (HCT-
116) synergistically. Mucoadhesive properties of chitosan may
enhance the absorption of chitosan; thus, improve the bioavail-
ability and dosage of various drugs in the gastrointestinal tract in
in vivo system. Furthermore, as three chemopreventive agents act
through different pathways, anticipated synergistic effect would
offer information about the clinical regimens for chemoprevention.
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