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Abstract

The present study was aimed at evaluating the effect of doxorubicin
(Dox) loaded nanocrystals starch in human breast cancer MCF7 cells. A
model for breast cancer, MCF7 cells, were treated with Dox loaded in
S (native starch), NS (starch nanocrystal), ANS (acetylated starch nano-
crystal) extracted from Oryza glaberrima Steud and compared with Dox
(diluted in water). MTT assay, Hoechst33342, H2DCFDA, Live Death,
and Rhodaminel23 staining, and Western Blot were used to detect
different signaling protein expressions and apoptosis. Hoechst33342
staining showed cellular apoptosis of MCF7 after treating with DOX
loaded S, NS, ANS or Dox alone. Intracellular ROS levels, p53 and Bax/
Bcl2 expressions, and decrease in mitochondrial membrane potential
were also higher in MCF7 cells treated with Dox loaded S, NS, ANS or
Dox alone. To ensure Dox loaded S, NS or ANS did not cause any cellular
damages to normal cells, HEK-293 kidney cells were used as control.
Dox loaded S, NS, or ANS were as effective formulations as Dox alone
to decrease progression and metastasis of breast cancer in MCF7 cells.
This study provides a novel approach for further investigation since
Dox loaded starch nanocrystals are effective and can prevent side ef-
fects of cardiotoxicity when using Dox alone.

Keywords: Doxorubicin; Breast Cancer; Nanocrystals; Oryza Starch;
MCF7.

Abbreviations: ANS: Acetylated Starch Nanocrystal; Casp: Caspases;
Cdk: Cyclin-Dependent Kinases; cl: Cleaved; DLC: Drug loading capacity;
Dox: Doxorubicin; EGFR: Epidermal Growth Factor Receptor; FBS: Fetal
Bovine Serum; H2DCFDA: 2’, 7’-Dichlorodihydrofluorescein Diacetate;
HEK-293: Human Embryonic Kidney Cells; LE: Loading Efficiency; MCF7:
Human Breast Cancer Cells; MMP: Matrix Metallo Proteinase; MTT: 4,
5-dimethylthiazol-2-yl] -2, 5-diphenyl-tetrazolium bromide; NS: Starch
Nanocrystal; PARP: Poly Adenosine Di-Phosphate Ribose Polymerase;
P13K: Phosphatidylinositol-3 Kinase; ROS: Reactive Oxygen Species; S:
Native Starch.
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Introduction

The incidence of breast cancer mortality is one of the ma-
jor health challenges and is complicated by drug resistance and
toxicity of the drugs [1]. Doxorubicin is one of the most effective
anti-cancer agents that have been used successfully to treat a
variety of cancers including cancer of the blood, carcinoma, sar-
coma and breast cancer. Doxorubicin belongs to antracyclines
antibiotic that exert its anti-cancer properties through several
mechanisms of action. These mechanisms include intercalation
into DNA, which directly affects transcription and replication,
and inhibition of topoisomerase Il activity by stabilizing the DNA
topoisomerase Il alpha complex preventing the ligation reac-
tion. Further, it stabilizes the generation of free radicals as it
cycles between its quinone and semi-quinone structures dur-
ing metabolic reactions [2,5]. Although doxorubicin has been
used in the treatment of many cancers, it causes cardiotoxicities
showing as congestive heart failure or dilative cardiomyopathy
after a single dose as early as 24 hours after exposure or many
years later after successful treatment [6,7]. Because doxoru-
bicin effectively treats a wide variety of cancers and patients’
quality of life is improved when doxorubicin is included in the
treatment regimen, significant efforts are being directed to for-
mulate doxorubicin to make this drug less toxic, while still hav-
ing the same efficacy like its natural formulation [3,8]. Native
and modified starches have been widely used as biodegradable
polysaccharides in drug delivery and tissue engineering [9,10].
Native starches (S) easily swell and degrade enzymatically, thus
preventing them from being used in controlled drug delivery
[11]. Modifications of starches using different methods such
as acetylation can contribute to better controlled drug release
[12]. The aim of the present study was to evaluate the chemo-
enhancing potential of S, NS, and ANS loaded with doxorubicin
in MCF7 cancer cell. Inhibition of cancer-signaling related path-
ways would be an evidence of the efficacy of the formulated
starch on MCF7 cells.

Materials and methods

Materials: Doxorubicin, MTT (4, 5-dimethylthiazol-2-yl] -2,
5-diphenyl-tetrazolium bromide), RIPA buffer (50mM Tris-HCI,
pH 8.0, 1% NP-40, 0.5% sodium deoxycholate, 150 mM NacCl,
and 0.1% sodium dodecyl sulfate) protease and phosphatase
inhibitors were purchased from Sigma (Saint Louis, MO, USA).
Sorafenib base was purchased from LC Laboratories (Woburn,
MA). Dimethyl sulfoxide (DMSO) was purchased from Amresco
(Solon, OH, USA). NucBlueTM live cell stain (Hoechst33342 spe-
cial formulation) was purchased from Life Technologies (Carls-
bad, CA, USA), H2DCFDA (2’, 7’-Dichlorodihydrofluorescein
diacetate) was obtained from Invitrogen (Eugene, OR, USA),
Rhodamine 123 was obtained from Thermo Fischer (Waltham,
MA, USA), Nuclear-ID Red/Green cell viability reagent was pur-
chased from Enzo Life science (Farmingdale, New York, USA).
Bradford Reagent was supplied by Bio-Rad (Hercules, CA, USA).
Primary antibodies Poly (ADP-Ribose) polymerase (PARP), casp-
3, casp-9, p53, MMP2, and AKT were purchased from Cell Sig-
naling Technology (Beverley, MA, USA), while Bax, Bcl2, Apaf-1,
EGFR and B-actin were purchased from Santa Cruz Biotechnol-
ogy, Inc (Santa Cruz, CA, USA). Secondary antibodies for anti-
rabbit or anti-mouse were purchased from Cell Signaling Tech-
nology (Beverley, MA, USA).

Cell culture: The human breast cancer (MCF7) and hu-
man embryonic kidney (HEK-293) were purchased from ATCC
(Manassas, VA, USA), cultured in DMEM media (Corning Cell-
gro, VWR Radnor, PA) supplemented with 10% fetal bovine se-
rum (FBS) from ATCC, 1% streptomycin/penicillin from ATCC,
and 0.1 % human insulin solution only for MCF7 (Santa Cruz
Biotechnology, Inc, CA, USA). The cells were maintained in in-
cubator at 372Cin 5% CO2 humidified environment. Cell culture
dishes (T75) were purchased from Greiner-Bio One (Monroe,
NC, USA).

Preparation of rice starch nanocrystals: Native rice known as
ofada rice (Oryza glaberrima) was purchased from Bodija Mar-
ket, Ibadan, Nigeria and the starch extracted from the grains in
the Pharmaceutics Laboratory of University of Ibadan, Nigeria.
The native starch (S) was extracted, the starch nanocrystals (NS)
and acetylated starch nanocrystals (ASN) were prepared as de-
scribed by Bamiro et al. [13].

Drug loading: 150 mg of the different starch samples were
suspended in 10 mL of 1.0 mg/mL drug (doxorubicin) solution in
distilled water and then incubated for 1 hour. The suspensions
were centrifuged and washed with distilled water. The amount
of drug in the supernatant was assayed using UV-visible Spec-
trophotometer according to the standard curves of the drug
absorbance to concentration were determined as previously
described [13].

Cytotoxicity assay: MCF7 and HEK-293 cells viabilities were
assessed by MTT method as previously described [14,15].
Briefly, cells were plated in a 96-well, flat-bottomed microplate
(Greiner-Bio One, Monroe, NC, USA) at a volume of 100 pl per
well (1x10° cells/ml) and incubated overnight in growth me-
dium to allow the cells to adhere to the wells. The media was
replaced with fresh media the next day. The cells were treated
with serial concentrations of Dox loaded in NS, ANS, S or Dox
alone. The treated cells were then incubated for 24 h in 5% CO2
at 379C. After 24 h incubation, 50 pl MTT solution (2 mg/ml) was
added to each well. Four hours after the incubation in 5% CO, at
379C, media from each well was removed followed by addition
of 150 ul DMSO to dissolve violet blue crystals. The cytotoxicity
of the drugs was determined by measuring the absorbance at
570 nm using spectrophotometer (Molecular Devices, CA, USA).

Analysis of apoptosis activation: Morphological changes of
the nuclear chromatin inducing apoptosis were detected using
Hoechst 33342 staining (NucBlueTM Live Cell Stain) as previous-
ly described [14,15]. Briefly, MCF7 cells seeded in 6 well plates
were treated with Dox loaded in S, NS, or ANS, or Dox alone fol-
lowing incubation of cells for 24 h in 5% CO, at 372C. The cells
were stained according to the manufacturer’s protocol. Stained
cells were observed using FLoid cell imaging station (Life Tech-
nologies, Carlsbad, CA, USA) to assess the cellular apoptosis. A
histogram was prepared to compare the percentage changes of
apoptotic cells from different treatment groups using Image J
software (NIH, USA).

Analysis of intracellular ROS generation: Intracellular ROS
generation after treatment of cells was detected with H2DCF-
DA in combination with Hoechst33342 as fluorescent probes
as previously described [14,15]. Cells were treated with Dox
loaded in' S, NS, ANS or Dox alone incubated for 24 h at 5%
CO, 379C prior to addition of 20uM of H2DCF-DA and Hoechst
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using protocol from the manufacturer. After 30 minutes, cells
were washed with DPBS. The relative intensities of green fluo-
rescence in different treated groups were captured using Floid
cell imaging station under equivalent conditions. Fluorescence
intensities were measured by Image J software and a histogram
was prepared to compare relative fluorescence intensities in
different treatment groups.

Analysis for mitochondrial membrane potential: Mitochon-
drial membrane potential in treated group was detected with
Rhodamine 123 fluorescent probe method as previously de-
scribed [14,15]. Briefly, MCF7 cells were plated in 6 well plates
for 24 h and then treated with Dox loaded in NS, S, ANS or Dox
alone in 5% CO, at 37C for another 24 h prior to addition of 10
mM of Rhodamine123 according to the manufacturer’s proto-
col. After 30 minutes, cells were washed with DPBS. The rela-
tive intensities of green fluorescence in different treated groups
were captured using FLoid cell imaging station under equivalent
conditions. Fluorescence intensities were measured with Image
J software and a histogram was prepared to compare relative
fluorescence intensities in different treatment groups.

Analysis of live and dead cells: The analysis of proportion of
live and death cells was performed using Nuclear-ID Red/Green
as fluorescent probe as previously mentioned [15]. Briefly,
MCF7 cells were treated with Dox loaded in S, NS, ANS or Dox
alone. After treatment, the MCF7 cells were incubated for 24 h
in 5% CO, at 372C, 2 ul of Nuclear-1D Red/Green was added us-
ing the manufacturer’s protocol. The number of live cells show-
ing as bright red color and dead cells as green cells were num-
bered with Image J software and a histogram was prepared to
compare relative live and dead cells ratio from different treat-
ment groups.

Expression of apoptotic pathway related proteins by West-
ern blot analysis: The expressions of apoptotic signaling pro-
teins were analyzed by Western blot technique as previously
described [14,15]. Briefly, MCF7 or HEK-293 cells were treated
with Dox loaded in S, NS, or ANS, or Dox alone. The cells were
then washed with DPBS twice and the proteins were extracted
in RIPA buffer with protease and phosphatase inhibitor cocktail.
To separate proteins from cell debris, cells were centrifuged at
12,000 rpm for 30 minutes at 42C. The protein concentrations
were determined using the Bradford Protein Assay Reagent.
Equivalent amounts of protein from each sample were loaded
onto polyacrylamide gels and separated by electrophoresis us-
ing PowerPac200 electrophoresis system (BioRad Laboratories,
Hercules, USA). The proteins were then transferred to Immuno-
Blot PVDF membranes (BioRad Laboratories). Blotting was per-
formed using TransBlot Turbo (BioRad Laboratories) for 30 min-
utes. The membranes were then blocked for 2 hours at room
temperature in Tris-buffered saline with 0.1% Tween-20 (TBST)
and 5% blotto. After washing, the membranes were incubated
and rocked on a multi shaker overnight at 42C with different pri-
mary antibodies of interest diluted in 3% TBST. The membranes
were probed with horseradish peroxidase-conjugated anti-
mouse IgG or anti-rabbit IgG antibody for 2 hours at room tem-
perature. The protein band was developed by ECL Western Blot-
ting detection reagents (BioRad Laboratories) and the pictures
were taken using BioRad ChemiDoc XRS+ (BioRad Laboratories).

Statistical analysis: All data were expressed as the mean *
SD of three independent sets of experiments. Differences be-
tween individual and combination treatment groups were ana-
lyzed using Newman-Keuls one-way ANOVA.
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Figure 1: (a) MTT assay for cell viability of MCF7 cells after 24 h.
MCF7 cells treated with different concentration of Dox loaded in S,
NS, ANS or Dox alone ranging from 0 — 10 uM. (b) MTT assay with
similar condition after 48 h.

* P <0.05, ** P<0.01 and ** P < 0.001 were considered statisti-

cally significant.
\_ %

Results

Physicochemical properties of Oryza glaberrima starch and
starch nanocrystals: The density, solubility, swelling capacity,
and hydration capacity of the starch increased after its modi-
fication. They formed aggregation with size ranged from 5-15
pum and the shape were polyhedrals. Chemical modification led
to increase drug loading capacity (DLC) and loading efficiency
(LE) of doxorubicin in the starch samples as previously reported
[13].

MCF7 cell viability and selection of doses: Treatment of
MCF7 cells for 24 h with Dox load in' S, NS, ANS or Dox alone
decreased cells viability in a dose dependent manner. Figure 1a
and 1b showed that serial dilution of Dox loaded S, NS, ANS or
Dox alone ranging from 0.01 uM to 10 uM cause decreased in
cell viability from 5% to 95% after 24 h or 48 h of treatments.
There was an initial decreased cell viability with DOX alone after
24 hours, but by 48 hours, the ranking of decreased cell viability
was DOX-S >DOX-ANS >DOX-NS > DOX-alone

‘/Table 1:1C, of Dox loaded in S, NS, ANS or Dox alone in HEK-293 \‘
\\kidney cells or in MCF7 breast cancer cells after 24 h or 48 hr. /

HEK-293-24 h | MCF7-24 h | HEK-293-48 h | MCF7-48 h
Dox load in S 6.22 4.40 3.46 4.02
Dox load in NS 7.54 3.96 2.58 4.31
Dox load in ANS 9.62 4.97 3.36 4.60
Dox alone 4.15 1.50 0.84 1.58

IC,, of Dox loaded NS, S, ANS in MCF7 and HEK-293: To
compare cytotoxicity effect of Dox loaded in S, NS, ANS or Dox
alone, MTT assay were also performed with same condition in
HEK-293 kidney cells. Table 1 showed IC_ of Dox loaded in S, NS,
ANS or Dox alone. Dox alone has lower IC50 than Dox loaded
in'S, NS, or ANS preparation (1.5 versus 4.4, 3.96, 4,97, respec-
tively). Moreover, after 48 h treatment of cells with Dox loaded
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Figure 2a: Fluorescence microscopic images of apoptotic cells
stained with Hoechst333342. The number of apoptotic cells (bright
nuclei) was increased in Dox loaded S, NS or ANS, with the highest
number of apoptotic cells was noticed in MCF7 cells treated with
\\Dox alone as compared to control Scale bar indicates 100 um. Y.
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Figure 2b: Histogram represents the percentage of apoptotic cells
from the different treatment groups vs. control MCF7 cells (*¥*=

Doxins Dax only

0.01<p, ***=0.001<p). ]
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in'S, NS, ANS or Dox alone, there was no significant difference in
their IC50. Treatment of HEK-293 kidney cells with Dox loaded
in' S, NS, or ANS preparation showed higher IC50 than in MCF7
breast cancer cells (6.22 vs. 4.40; 7.54 vs.3.96; 9.62vs.4.97; and
4.15 vs.1.50), respectively. This data showed Dox loaded in S,
NS, ANS can be used to treat cancer cells (i.e. breast cancer MCF
cell) without causing cytotoxicity effect to the normal cells (i.e.
HEK-293 kidney cells).

Doxorubicin loaded S, NS, or ANS, or Dox alone induce
apoptosis: The extent of apoptosis induced by Dox loaded
in S, NS, ANS, or Dox alone in MCF7 cells was confirmed by
Hoechst33342 staining and detected using fluorescence mi-
croscopic images. Figure 2a demonstrated that the nucleus of
control MCF7 cells showed lower fluorescence intensity signify-
ing that these cells were normal and healthy. The cells under-
going apoptosis, showed brightly stained nucleus due to con-
densed and fragmented nucleus. In Dox loaded S, NS, ANS, or
Dox alone, the percentage of brightly stained cells was higher
than control. Figure 2b showed histogram of the percentage of
apoptotic cells from control MCF7 and MCF cells treated with
Dox loaded S, NS, ANS, or Dox alone.

Dox only

Dox loaded ANS Dox loaded M5

Figure 3: Fluorescence microscopic images of intracellular reactive
oxygen species (ROS) generation in MCF cells after 24 h treatment
with Dox loaded S, NS, ANS or Dox alone. After H2DCFDA staining,
there was no changes in cell fluorescence, i.e. ROS was observed
in the MCF7 control, however significant higher levels of ROS were
observed in MCF7 cells treated with Dox loaded S, NS, or ANS.

\\7Scale bar indicates 100 pm. Y.
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Figure 4: (a) Western blot analysis data in MCF7 for the modula-
tion expression of p53, Bax, Bcl2 proteins after treatment with
Dox loaded S, NS, ANS or Dox alone. p53 and Bax expression was
significantly higher than control (***=0.001 < p). Higher level of
p53 was observed in Dox loaded S, NS, or ANS than Dox alone. (b)
Histogram ban intensity from the modulation of the p53, Bax, and

| Bcl2 proteins in MCF7 cells. |
o J
Doxorubicin loaded S, NS, ANS, or Dox alone caused intra-
cellular ROS: Generation of intracellular ROS after treatment of
MCF7 cells with Dox loaded in S, NS, ANS, or Dox alone was
evaluated by H2DCFDA staining. Figure 3 showed the difference
in fluorescence intensity levels using the fluorescence micro-
scopic images. These photomicrographs showed that the cells
had higher H2DCFDA fluorescence intensity than control cells

as shown in bright green dyes.
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Figure 4: (a) Western blot analysis data of HEK-293 cells for p53,
Bax, Bcl2 proteins after treatment with Dox loaded S, NS, ANS or
Dox alone. Significantly higher level of Bcl2 was noticed in Dox load
NS as compared to other treatments and control (***=0.001 < p).

\\(b) Histogram band intensity in HEK-293 cells. Y
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Dot |oaded ANS Dox loaded NS

Figure 5: Fluorescence microscopic study for changes in mitochon-
drial membrane potential after staining with Rhodamine 123. Mi-
tochondrial depolarization was observed in all treated cells. The
Rhodaminel23 fluorescence intensity, i.e. mitochondrial mem-
brane potential decreased was observed more in Dox alone than

in Dox loaded S, NS and ANS.
\_ %
Doxorubicin loaded S, NS, ANS or Dox alone modulates
p53, Bax and Bcl2: Intracellular ROS generation in apoptotic
cells was associated with change in p53, Bax and Bcl2 protein
expressions. Western blot analysis data (Fig. 4a) and band in-
tensity histogram (Figure 4b) showed a significant increase in
p53 and Bax protein expression, while slight decrease in Bcl2
expressions in Dox loaded S and ANS, but significant decreased
in NS. In HEK cells, significant decrease was observed in Bcl2 ex-
pression, showing Dox loaded S, and ANS have similar anti-can-
cer effect like Dox alone. As expected, since HEK is not a cancer
cell, higher concentration of Bax and p53 and lower Bcl2 were
observed. Dox loaded NS showed less upregulation of Bax and
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Figure 6:°(a) Western blot analysis of mitochondrial signaling
proteins in MCF7 cells. Activity of most of the proteins were up-
regulated in Dox loaded S, NS or ANS or Dox alone. (b) Histogram
\\represents up regulation of casp 9, cl. PARP and PARP. j
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Figure 6: (a) Western blot of HEK cells treated with Dox loaded S,
NS or ANS or Dox alone (b) Histogram of HEK cells with Dox loaded
\\S, NS, ANS, or Dox alone. (***=0.001<P). j

p53 protein expression showing it caused less favorable signal
transduction mechanism than Dox loaded S and ANS in normal
cells (Figure 4a).

Doxorubicin loaded S, NS, ANS or alone depletes mitochon-
drial membrane potential: Generation of ROS in the cells by
causing increased expression of p53 and Bax, and decreased
Bcl2 are considered as indicators of activation of mitochondrial
cell death pathway. The depletion of mitochondrial membrane
potential of DOX loaded S, NS, ANS or DOX alone was demon-
strated in Figure 5. This result clearly showed that the control
MCF7 cells have higher fluorescence intensity than the treated
cells. Interestingly, the depletion of the fluorescence intensity
was significantly higher in cells treated with DOX alone than in
cells treated with DOX loaded S, NS and ANS indicating that DOX
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Figure 7: (a) Western blot analysis of cell cycle regulation protein
Cyclin Dland Cyclin B1. The expression of both proteins were
down-regulated in Dox loaded SNS, ANS, or Dox alone as com-
pared to control. (b) Histogram showed the significant decrease in

\\cyclin D1 and B1(***=0.001 < p). Y,

loaded S, NS and ANS were more effective in causing mitochon-
drial cell death than DOX alone.

Doxorubicin loaded S, NS, ANS or alone modulates mito-
chondrial signaling proteins: The depletion of mitochondrial
membrane potential suggested the initiation of mitochondrial
apoptosis pathway. Western blot analysis showed expression of
casp 9, casp 3, cl. PARP, and PARP considered as very important
event in cancer cell apoptosis (Figure 6a). The band intensity
histogram showed increase of cl.PARP, PARP, and casp 9 expres-
sions (Figure 6b). Slight increase in the expressions of casp 9, cl.
PARP, and PARP were also observed in HEK-293 conveying the
apoptotic effect of Dox loaded S, NS, and ANS on normal cells
(Figure 6a and 6b).
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Figure 8: (a) Western blot analysis of expressions of Akt, EGFR and
MMP2 in MCF7 cells treated with Dox loaded SNS, ANS, and Dox
alone. The EGFR and MMP2 proteins were down-regulated in Dox
loaded S, NS, ANS, or Dox alone showing the anti-invasive and an-
ti-metastasis effect of Dox loaded in S, NS, or ANS. (b) Histogram
\\showed significant decreased in these proteins (***=0.001 < p). Y,
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Figure 8: (c) Western blot of AKT, EGFR, and MMP2 in HEK-293 cells
treated with Dox loaded S, NS, ANS, or Dox alone. (d) Histogram of
Western blot from HEK-293. (***=0.001 < p). /

\_

Doxorubicin loaded S, NS, ANS and alone modulates cell
cycle regulatory proteins: Inhibition of cell cycle progression by
causing apoptosis is also considered as one of the important
strategies in the management of breast cancer. Western blot
analysis data (Figure 7a) and the band intensity histogram (Fig-
ure 7b) showed that the expressions of both cyclin D1 and cyclin
B1 were significantly decreased when cells were treated with
Dox loaded S, NS, ANS or Dox alone than control MCF-7 cells.

Doxorubicin loaded S, NS, ANS and alone inhibit MMP2 and
EGFR proteins: Inhibition of matrix metalloproteinase (MMP2)
and epidermal growth factor (EGFR) are important strategies
to decrease progression and metastasis of breast cancer cells.
MMP2 degrades type 4 collagen, the most abundant compo-
nent of the basement membrane. Degradation of the basement
membrane is essential for metastatic progression and invasion
of cancer cells property. Dox loaded S, NS, ANS significantly in-
hibit MMP2 better than Dox alone. Significant decrease in the
protein’s expression of EGFR and AKT were also observed in Dox
loaded S, NS, ANS or Dox alone. Western blot analysis data of
MCF-7 (Figure 8a) and the band intensity histogram (Figure 8b),
and HEK and band intensity histogram (Figures 8c, 8d) are de-
picted.

Dox loaded S, NS, ANS and Dox alone induced cell death:
Treatment of cells with Dox loaded S, NS, ANS and Dox alone
caused similar cell death in comparison to control MCF7 cells.
Dox alone caused less dead cells as compared to Dox loaded in
NS or ANS, with significantly higher dead cells observed in DOX
loaded S formulation. Figure 9a showed the expression of cells
death/apoptotic (green) or cells alive (red or bright orange). Fig-
ure 9b showed histogram of apoptotic versus alive cells.

Discussion

MCF7 cells treated with Dox loaded NS, S, ANS or Dox alone
exhibited important activation of apoptosis through nuclear
condensation, increased in ROS generation, and collapse of
membrane potential [16]. Hoechst33342 staining data suggest-
ed Doxloadedin S, NS, and ANS increased the nuclear condensa-
tion, which in turn increased the percentage of apoptotic cells.
Generation of intracellular ROS plays a pivotal role in apoptosis.
Evidences suggested that cancer cells generate more ROS than
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Figure 9: (a) Expression of cells death/apoptotic (green) or cells alive (red or bright orange). Scale bar indicated
100 um. (b) Histogram of apoptotic versus alive cells from different treatments. Dox loaded S, NS, ANS, or Dox
\\alone caused significant increase in apoptotic cell versus control (**=0.01<p; ***=0.001<p). /

normal cells which in turn caused cancer cells to apoptosis [17].
Increased ROS in cancer cells is associated with the activation
of a key signaling protein p53. p53 plays important role in cell
cycle regulation, DNA damage, cell apoptosis and tumor sup-
pression [18,19]. ROS also plays crucial role in the modulation
of pro-apoptotic Bax and anti-apoptotic Bcl2. Up regulation of
p53 and Bax and down regulation of Bcl2 showed favorable sig-
nal transduction mechanism that triggers cancer cells to apop-
tosis in an orderly and sequential manner. Higher ratio of Bax/
Bcl2 was noticed in Dox loaded NS followed by Dox alone, while
Dox loaded S amd ANS had similar Bax/Bcl2 ratio. Higher ratio
of Bax/Bcl2 conveyed a more enhanced apoptotic efficacy. Mi-
tochondria is one of the most important target organelle during
the ROS mediated apoptosis in cancer cells. Intracellular ROS
and subsequent Bax/Bcl2 modulation is proceeded by the col-
lapse of mitochondrial membrane potential, which has been
associated with the initiation of caspase cascade leading to cell
death [20]. The present study showed that Dox loaded S, NS,
or ANS showed depletion of mitochondrial potential, with Dox
alone showed significant depletion of the potential.

Signaling proteins such as apaf-1 and cas 9 activate forma-
tion of apoptosome which further activates downstream ex-
ecutioner casp 3 protein. Casp 3 plays a central role in the ex-
ecution of cancer cell apoptosis which is also responsible for
the cleavage of PARP during cell death. Casp 3 and casp 9 are
the major signaling proteins in inducing apoptotic cascade. Dox
loaded NS, S or Dox alone caused DNA related damage in MCF7
cells by causing cleavage and higher expression of downstream
protein PARP and cleaved PARP. Dox loaded ANS didn’t cause
activation of casp 3 nor cleaved or PARP.

Proliferation of cancer cells is also involved in altering reg-
ulation of cell cycle progression. The cell cycle progression is
dependent on the activation of cyclin-dependent kinases (Cdk).
The Cdk activation requires binding of a specific regulatory
subunit cyclin. Among the cyclins, cyclinD1 and cyclinB1 plays
fundamental role in the inhibition of breast cancer cell apop-

tosis [21-24]. Significant down regulation of cyclinD1 strongly
suggested that Dox loaded S, NS or ANS were effective in in-
hibiting the G1-S cell cycle progression more than Dox alone.
Furthermore, cyclinB1 down regulation in Dox loaded S, NS or S
indicated the efficacy of these formulation in inhibiting G2 cell
cycle progression.

Matrix metalloproteinase (MMPs) such as MMP2 plays im-
portant role in cancer invasion and metastasis by degrading
extracellular matrix and basement component which play im-
portant role in microenvironment homeostasis. MMP2 not only
control the extracellular matrix turnover and cancer cell migra-
tion, but it also regulates signaling pathways of cell growth,
morphogenesis, angiogenesis, and tissue repair. MMP2 overex-
pression in cancer cells was related to poor prognosis [25,26].
Significant decrease in the MMP2 expression was observed in
Dox loaded S, NS or ANS, with less decrease due to Dox alone.

Epidermal growth factor receptor (EGFR) overexpression in
many solid cancers including breast cancer cause stimulation of
downstream signaling pathways which induce cell growth, cell
cycle progression, angiogenesis, cell motility and blocking of
apoptosis cascade [27]. Significant decrease in the EGFR expres-
sion was observed in Dox loaded S, NS, ANS or Dox alone.

Activity of cytoprotective phosphatidylinositol-3 kinase
(P13K)-Akt pathway often increased in cancer that could result
from mutation, changed in proteins expression, or amplifica-
tion of upstream growth-related factor [28]. Slight decrease in
Akt expression was observed in Dox loaded S, NS, ANS, or Dox
alone.

Conclusion

This study provides a novel approach for the delivery of
Doxorubicin by loading starch nanocrystals with the drug. The
doxorubicin-loaded starch nanocrystals were effective and can
prevent side effects of cardiotoxicity when Doxorubicin is ad-
ministered without the carrier.
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