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The present study reports the validation of cancer nanotherapy using proanthocyanidin (PAC). Nowadays,
in vitro and in vivo deliveries of nanoparticle (NPs) drugs have been paid more attention, intensively.
Moreover, the current chemotherapeutic drugs have few first rate drawbacks including lack of specificity
and requirement of excessive drug doses. To overcome this problem of chemotherapy, the attainment of
high drug loading in combination with degradable polymer nanoparticles (for instance,chitosan) is a
trending research in cancer biology. Hence, in this study, the synthesized PAC-AgNPs were successfully
crosslinked with chitosan nanoparticles (CS-PAC-AgNPs), which were found to be spherical or polygonal
in shape with a median size of 70.68 nm and 52.16 nm as observed by FTIR, FESEM and TEM analysis;
thus, being suitable for drug delivery. CS-PAC-AgNPs were taken up via endocytosis by cancer cells
and enabled the release cytochrome-C from mitochondria, followed by dysregulation of anti-apoptotic
protein Bcl2 family, inducing the apoptotic mediated activation of caspase 9 and 3. To identify the geno-
toxicity of the synthesized CS-PAC-AgNPs, the mortality, hatching rate, malformation and abnormalities
of embryo/larvae of the vertebrate zebra fish model (Danio rerio) were observed in a dose-time-
dependent manner. This improved cancer nanotherapy can thus be utilized as a novel nanocombination
for inducing apoptosis in vitro and in vivo.
© 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

centration of cytosolic Ca%* and oxidative stress occur in Bcl2 fam-
ily of proteins (Siegel et al., 2014; Bauer and Hefand, 2006;

Mitochondrial mediated proteins can damage the DNA or Lomonosova and Chinnadurai, 2008; Elmore, 2007; Hassan et al.,
upregulated oncogenes when growth factor deprivation, high con- 2014; Zaman et al., 2014). Drugs such as doxorubicin, paclitaxel,
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cisplatin and combination drugs had been extensively utilized in
malignancy treatment (Berry, 2005). However, these operators
have indicated sudden toxicities to healthy tissues and the patients
would be afflicted by excessive element effects (Oh et al., 2007). In
addition, most of the chemotherapeutic candidates might not kill
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most of the cancer cells and their repetitive administration devel-
ops drug resistance, which is even harder to deal with. Hence there
is an earnest need to create remedial modalities with no or negli-
gible reactions to healthy tissues (Urakami et al., 2008).
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In this context, an assortment of characteristic nutritional com-
pounds not much more effective for the targeted drugs, which have
been investigated to conjugate the metal oxide and degradable
nanoparticles for accurate drug delivery system. In vitro studies
were carried out with novel CS-PAC-AgNPs for the ability to
enhance the anticancer activities through a mitochondrial-
mediated signaling pathway in HT-29 cells. To investigate the
genotoxic effect on zebra fish embryo and larvae induced by CS-
PAC-AgNPs, an arrangement evaluation, including embryonic mor-
tality, hatching rate, distortion and entire embryo developing stage
of cell death, were performed. Thus, the current approach could
provide a platform to design/develop anticancer drug delivery sys-
tem, especially for colon cancer.

2. Materials and methods
2.1. Synthesis of chitosan coated PAC- AgNPs

The detailed preparation of the nanoparticles from chitosan
coated materials were reported in our previous study (Mani
et al, 2019). The bioactive compound loaded with chitosan
nanoparticles (CS-PAC-AgNPs) was prepared by the nanoprecipita-
tion technique (Venkatachalam et al., 2016). Fig. 1 represents the
preparation method for PAC-AgNPs. Chitosan coated PAC-AgNPs
(positive charge) were interacting with a TTP (negative charge)
solution by a convenient ionic gelation technique.

2.2. Nanoparticle characterization

Fourier transform infrared spectroscopy (FTIR) investigation of
chitosan coated PAC-AgNPs were documented by a PerkinElmer
FTIR 4000 spectrometer. The surface morphology of the NPs was
examined by FESEM (FEI Nova Nano 600, Netherlands and TEM,
Tecnai G20, FEI Company, Hillsboro, OR).

2.3. Cell culture

Human Colorectal cancer (HT-29) cell line was grown in RPMI-
1640 medium (Gibco-BRL) containing 10% v/v warm-suspended
fetal bovine serum (Gibco-BRL) with 2 mM-glutamine (Sigma
Chemical), penicillin (100 mg/mL) and streptomycin (100 mg/
mL). These supplemented media are referred as complete media
or growth media and cells were passaged regularly and subcul-
tured in 90% confluence with 0.2% trypsin (w/v) for every 2-3 days.

2.4. MTT cell viability and morphometric analysis assay

The anchorage dependent cell viability of HT-29 cells treated
with CS-PAC-AgNPs was assessed using cytotoxic assay (Ana
et al., 2018). The experiment for morphometric analysis was per-
formed by following the method of Kavitha et al. (2018).

2.5. Calcein - AM/EH staining

The cell death induced by nanoparticles, which is based on the
difference in membrane integrity between the live and dead cells,
was measured (Erlei et al., 2017).

2.6. DAPI staining

DAPI is a blue fluorescent dye that is sensitive to chromatins
and very less toxic to cells; it can be employed to observe the
nuclei changes in apoptotic cells. The images of the stained cells
were captured using a fluorescence microscope with a suitable
excitation filter (Vivek et al., 2012).

2.7. DNA fragmentation and cell apoptosis analysis

For both the analyses, the reported methodologies of Karthi
et al. (2016) and Mathangi et al. (2015) were followed.

2.8. Western blotting

The cells were treated for 24 h with respective Glsgoconver-
gences of PAC-AgNPs and CS-PAC-AgNPs for the induction of apop-
tosis (Tao et al., 2017).

2.9. In-vivo studies

2.9.1. Parental fish growth and egg placement

The zebra fish, utilized as spawners, had a length of 3.62 cm and
a weight of 1.00 gm. Prior to spawning, the male and female fish
were housed independently for atleast 10 days. Care was taken in
gathering the eggs. The glass tank secured with a fine nylon inter-
net with an appropriate fitting crosssection estimate for eggs to fall
through, were put in the aquarium on the day before breeding;
male and female fish were taken in the ratio of 2:1 (male:female)
to get the maximum quantity of embryos. The collected embryos
were treated with various concentrations (1.56-25 pg/mL) of
PAC, PAC-AgNPs and CS-PAC-AgNPs for 24, 48 and 72 hpf of expo-
sure, respectively under a stereomicroscope (Magnus MLX) at 10X
and 40X magnifications.

2.9.2. Quantification of intracellular ROS level

The fertilized and healthy grown larvae were seeded in 6-well
plates containing 5 mL of E3 medium. The drug optimized concen-
tration of the synthesized PAC-AgNPs and CS-PAC-AgNPs was used
to treat the larvae for 120 h. After incubation, the larvae were
washed with PBS. The intracellular ROS level was measured using
10 uM H,-DCFDA stain after incubation for 30 min in dark. The ROS
discharge was checked by using the transformation of non-
fluorescent H,-DCFDA into highly fluorescent 2’,7’- dichlorofluo-
rescein (DCF), utilizing a stereofluorescence microscope (Perkin
Elmer, USA) with an excitation filter at 485-530 nm.

2.10. Statistical analysis

All the statistical analyses were carried out with SPSS version 20
for Windows. The entire data were communicated as mean + SE of
triplicate independent analysis. One-path ANOVA with Dunnett’s
post hoc test was used for multi-gather correlations (apart from
the Glsg values, which were assessed by nonlinear regression
examinations).

3. Results and discussion
3.1. Characterization of CS-PAC-AgNPs

FTIR spectroscopy was executed using KBr as a reference to
show the characteristic peak of the PAC-AgNPs and CS-PAC-
AgNPs nanocombination. The sharp absorption peaks at 3454.26
amines indiacted N—H stretching, the one at 2924.04 cm™! repre-
sented the C—H stretching, vibration (alkanes), and those at
1632.41,1384.43,1261.31,1021.26, 801.58 and 618.54 cm ™! could
be designated to C=C (alkenes), C—H bend scissoring, C—0 and
C—H bending (Aromatic) in PAC-AgNPs (Fig. 2a). Moreover, CS-
PAC-AgNPs have exhibited a strong transmittance peaks at
3835.50 (OH stretching of phenol), 3777.61 (NH; stretching of ami-
nes), 3417.37 (N—H stretching of amide), 2351.01 (C—H stretching
(alkyl)), 2144.37 to 1641.38 (C=C and C=C medium, stretching
vibration (alkyne)), 1192.78 (C—N stretching (Amines)), 1100.15-
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Fig. 1. Schematic represents the preparation method for PAC-AgNPs. Chitosan coated PAC-AgNPs (positive charge) were interacting with a TTP (negative charge) solution by a
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Fig. 2. Characterization of CS-PAC-AgNPs. (a) FTIR spectrum of PAC-AgNPs, (b) CS-PAC-AgNPs, (c) FE-SEM of synthesized PAC-AgNPs and (d) TEM image of CS-PAC-AgNPs.

606.9 (N—H and C—H bending), respectively. Similar peaks at
3417.37, 1641.38, 1192.78 and 606.96 cm™! indicated the func-
tional groups such as O—H stretching of the phenol, N—H expand-
ing vibration of the amines, C—H and C=C stretching of the alkanes
representing that CS was conjugated to the PAC-AgNPs of the syn-
thesized samples, as shown in Fig. 2b. In the nanoformulation attri-
butes, peak was discovered due to the capability interaction of
protonated amide/amine gatherings and adversely charged TPP
cross connecting specialist. Comparative functional groups for
chitosan-covered iron oxide nanoparticles have been additionally
pronounced (Unsoy et al., 2012). These observations strongly rec-
ommended that chitosan nanoparticles have been effectively
loaded with PAC-AgNPs atoms via ionic interactions by means of
the nanoprecipitation technique.

The exterior characteristics and the topological complexity of
the PAC-AgNPs and CS-PAC-AgNPs were inspected utilizing a
transmission electron magnifying lens. The perceptions from
FESEM and TEM data yielded information on the molecule shapes
and the assurance of particle sizes. The formed PAC-AgNPs
(Fig. 2¢) exhibited a spherical shape, smooth surface and uniform
size distribution ranging from 70.68 nm whereas, the CS-PAC-
AgNPs size range was between of 52.16 nm and a combination of
exceptional single particles with clean becoming a member of bar-
riers changed into round along side the normal geometry of the
proximate polyhedron (pentagon and hexagen) formed particles
(Fig. 2d). Spherical shaped particles, which are 100-200 nm in size,
had the very best capacity for the extended movement; quickly
and consistently disguised on account of their symmetry (Petros
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and Desimone, 2010; Udompornmongkol and Chiang, 2016; Wang
et al,, 2015).

3.2. In vitro biological applications

3.2.1. Cytotoxicity assay

MTT assay is a commonly used technique to explore the cyto-
toxic impact of the synthesized nanoparticles. This examination
depended on the capacity of the mitochondrial dehydrogenase
enzymes from live cells to sever the tetrazolium rings of the light
yellow MTT and frame dim blue formazan precious crystals, which
would be mostly impermeable to cell membranes, bringing about
its aggregation inside healthy cells. The cells had been treated with
exceptional concentrations (1.52-25 pg/mL) of PAC, PAC-AgNPs
and CS-PAC-AgNPs for 24 h (Fig. 3). However, the cell growth
was substantially decreased while exposed to CS-PAC-NPs within
the concentration range of 3.12 pg/mL. Futhermore, CS-PAC-NPs
reduced cell growth potently in short times and in a concentration
dependent way. In this case, it could be associated that CS-PAC-NPs
had great anticancer activities. CS nanoparticles have derived an
awesome application in nanomedicine because of their exclusive
properties with the apparent therapeutic ability in finding and
treating malignant tumors (Shukla et al., 2005; Naahidi et al.,
2013; Arasu et al., 2013; Arokiyaraj et al., 2015; Valsalam et al.,
2019).

3.2.2. Morphometric analysis

The morphometric changes were noticed in PAC, PAC-AgNPs
and CS-PAC-AgNPs tested at a cytotoxicity inducing experimental
Glsgconcentration (3.25 ug/mL), against HT-29 cells. Untreated
cells appeared normal, healthy to be elongated, forming confluent
cells and attaching to the flask. In contrast, important changes in
the morphology and density of cells were observed after treatment
with the PAC compound alone for 24 h in a dose dependent man-
ner. Meanwhile, PAC-AgNPs brought about greater biocompatibil-
ity such as cell size reduction, cells appearing rounded and
membrane blebbing as shown in Fig. 4 and CS-PAC-AgNPs resulted
in greater morphological changes (Anitha et al., 2014a, 2014b).

3.2.3. Calcein - AM/EH staining

Apoptosis, also known as programmed cell death, is regular to
every multicellular living being for taking out cells by means of a
complex however the exceedingly characterized program (You
et al., 2017; Moumita et al., 2012). The live and dead cells have
been observed by means of a fluorescence microscope. Optical
images confirmed that the PAC-AgNPs and CS-PAC-AgNPs gradu-
ally decreased the range and density of cell growth based on Glsq
concentration. Incubation of HT-29 cells treated with CS-PAC-
AgNPs has drastically reduced the live cells binding with calcein
(green) and increased the number of dead cells as observed with
EH (red), correlated with the lowest attention and untreated
groups (Fig. 4). The images clearly demonstrated the presence of
apoptotic cells, such as irregular cells and formation of apoptotic
bodies.

3.2.4. Fluorescence microscopic studies of nuclear staining

The apoptotic cell death is one of the mechanisms by which cell
growth is extinguished. The cell nuclei were subsequently stained
using DAPI. DAPI is a fluorescence stain that binds strongly to DNA.
DAPI staining has been used to characterize the effects of CS-PAC-
AgNPs induced apoptosis in cancer cells. Apoptosis is typically
described by morphological and biochemical changes (Inoue and
Tani, 2014). such as cytoplasmic shrinkage, nuclear chromatin con-
densation, shrinkage of nuclei, membrane blebbing and dilated
endoplasmic reticulum. However, on treatment with PAC-AgNPs
and CS-PAC-AgNPs, there was a significant nuclei fragmentation
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Fig. 3. Cytotoxic effects of CS-PAC-AgNPs exerted against Colon cancer (HT-29)
cells. Cells were treated with different concentrations of (1.56-25 pg/mL)for 24 h.
Cell reasonability was distinguished by MTT assay. The trials were done in
triplicates and each value represents mean #* SE.

with condensed and apoptotic nuclei; when the incubation time
was kept at 24 h, the number of apoptotic cells increased as shown
in Fig. 4. Similar reports have shown that AgNPs could also induce
DNA damage and apoptosis in cancer cells (Liu et al., 2017).

3.3. Biochemical changes in apoptosis

DNA fragmentation was accomplished to analyse the effective
consequences of CS-PAC-AgNPs on cell dependability and DNA
replication. No ladder formation was observed in untreated cells.
In shorter incubation times, the PAC-AgNPs and CS-PAC-AgNPs
achieved early apoptosis. When incubated for long term durations,
the later phase apoptotic cells with more nuclear fragmentations
were determined (Fig. 5) (Galluzi et al., 2007; Zheng et al., 2016).

3.4. Flow cytometry analysis

The effects of CS-PAC-AgNPs on apoptosis of HT-29 cells were
determined by using annexin V/PI staining based on FACS analysis.
Number of late and early apoptotic cells (6.30% and 28.50% in Glsq
concentration of PAC; 5.50% and 39.6% in Glso concentration of
PAC-AgNPs; 8.80% and 56.4% in Glso concentration of CS-PAC-
AgNPs respectively) and necrotic cells (0.9% PAC, 0.3% PAC-AgNPs
and 1.0% CS-PAC-AgNPs) were evaluated in comparison to
untreated control cells (Fig. 6) (Getts et al., 2014; Wong, 2011;
Chaudhari et al., 2012).

3.5. Western blotting

The HT-29 cells were treated with Glsg concentration
(3.5 ng/mL) of PAC-AgNPs and CS-PAC-AgNPs for 24 h. The results
disclosed important upregulation of the expression of Bax
(pro-apoptotic protein) while the expressions of Bcl2 and Bcl-XL
(anti-apoptotic protein) have been significantly downregulated,
as delineated in Fig. 7. The CS-PAC-AgNPs significantly decreased
the intensity of band ratio when compared to PAC-AgNPs. B-actin
was utilized as a stacking control, which indicated measure up to
equal intensity band and protein concentration in all examples.
The induction of apoptosis initiated by medicate stacked chitosan
nanoparticles was accounted (Vivek et al., 2013; Rowinsky, 2005).

Cytochrome C is a major constituent of intrinsic cell apoptotic
signal molecules, which can initiate the caspase cascade reaction
and induce apoptosis. The protein expression of cytochrome c
releasing mitochondria in HT-29 cells was significantly downregu-
lated when treated with CS-PAC-AgNPs for 24 h has been shown in
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Fig. 5. Biochemical changes of apoptosis in HT-29 cells initiated by CS-PAC-AgNPs
for 24 h. DNA fragmentation was evaluated by 1.5% agarose gel electrophoresis and
ethidium bromide staining and viewed under a UV transilluminator. Fragmented
internucleosomal DNA appears as a ladder. “M” indicates 1 bp DNA ladder; (L1)
Control, (L2) PAC, (L3) PAC-AgNPs and (L4) CS-PAC-AgNPs.

Fig. 8. The initiator caspase - 9 at that point cuts and actuates the
killer caspase - 3, 6 and 7, resulting in cell apoptosis (Loreto et al.,
2011; Ghobrial et al., 2005).

The signal transduction of apoptotic key pathways occurred in
caspase cascade reaction. The expressions of cellular apoptotic pro-

-AgNPs
o0 (’2'.{,'}' "JVT,: w7

fxc&ga

PAC-AgNPs CS-PAC

teins, caspase - 9 and caspase - 3 were determined. The caspase
enzyme to cleave the procaspase 9 and caspase 3, were found
the up and down regulation process after treatment of CS-PAC-
AgNPs as represented in Fig. 8 (Baig et al., 2016; Lee et al., 2007).
Fig. 9 illustrates the overall possible mechanism of CS-PAC-AgNPs
induced mitochondrial apoptosis signaling pathway.

3.6. In vivo studies

Zebra fish (Danio rerio) has been extensively used in biological
and biochemical studies for checking out the genotoxic conse-
quences. Zebra fish is an excellent animal model for in vivo imaging
and biocompatability assessments of nanomaterials because of its
high transparency, quicker embryonic development, smooth reno-
vation and similarity with mammals viz. mice, rats and humans
(Liu et al., 2012; Sreedevi et al., 2014; Hu et al., 2011).

3.7. Mortality and hatching rate

To assess the viable toxicities of PAC, PAC-AgNPs and CS-PAC-
AgNPs (1.5-25 pg/mL) to zebra fish embryos, the death and hatch-
ing rates were assessed during a continuing observation period.
This was done by counting live/dead embryos and larvae in each
of the exposure chambers. At lower concentrations there was no
extensive difference in mortality. At higher concentrations of
12.5-25 pg/mL, the mortality rate was increased significantly com-
pared to the control. The hatching period of 48-72 hpf was the nor-
mal incubation time of embryos. Fig. 10 demonstrates a strong
inhibition of hatching rate by CS-PAC-AgNPs. At 72 hpf, the hatch-
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Fig. 7. Expression of apoptosis related proteins in HT-29 cells, induced by CS-PAC-AgNPs for 24 h as confirmed by western blot analysis.

ing rate at 25 pg/mL concentration (25.0%) was less than the con-
trol (95.0%) (Fig. 11). The improved measurements was persisted
for further studies (3.25 ug/mL).

3.8. ROS generation

The capacity of CS-PAC-AgNPs to initiate oxidative stress was
distinguished by the utilization of non-fluoresence dye 2,7-
dichlorofluorescin diacetate (H,-DCFDA). The aggregation of ROS
outcomes in the oxidation of H,-DCF stain treated larvae exhibited

excessive green fluorescence intensity when compared to the
untreated larvae in a concentration and time dependent manner
as shown in Fig. 12. Moreover, a low level of fluorescence was
emitted by PAC whereas the particles covered with metal and poly-
meric naoparticles have discharged a high intensity of fluores-
cence. Oxidative stress has been proposed to be one of the
mechanisms of cell death, induced by using most of the metal
oxide nanoparticles (Stone and Donaldson, 2006). Oxidative stress
ensues as a consequence of imbalance between the generation of
ROS and cancer prevention in the biological system. In this inves-



M. Suganya et al./Saudi Journal of Biological Sciences 26 (2019) 767-776 773

PAC- CS-PAC-

Control PAC AgNPs AgNPs

® Cytochrome C
cytochrome (o] — C— m— — i
# Caspase 9

i Caspase 3

Procaspase 9
Cleaved caspase 9

Procaspase 3
Cleaved caspase 3

Relative intensity with B Actin

B-Actin

Treatment groups

Fig. 8. Activation of caspase-dependent apoptotic pathway in HT-29 cells, treated with CS-PAC-AgNPs for 24 h as confirmed by western blot analysis.

CS-PAC-AgNPs | Extra cellular site

Endocytosis

Intra cellular site

Q\ Converted
e ; :
1

/ Active

Cleaves and

activates the

executioner
Procaspase 3

Apoptosome

Fig. 9. Overall possible mechanism of CS-PAC-AgNPs induced mitochondrial apoptotic signaling pathway.

- b
60 ——24hrs -=-48hrs —~72hrs m 48hrs & 72hrs
120
50 -
o 100 -
% 40 | ®
- : 80 -
2 5
£ 30 - =
1] 60 -
5 §
20 -
= f 40 -
S ©
L 10 - R® 5
0 T T 1 0 - -
control PAC PAC-AgNPs CS-PAC-AgNPs control PAC PAC-AgNPs CS-PAC-AgNPs

Concentrations (ug) Concentrations (ug)

Fig. 10. Mortality and hatching rate of zebrafish embryos exposed to CS-PAC-AgNPs increased in a dose-and time-dependent manner. Data are presented as mean + S.E of
three independent tests. (a) Percentage of mortality rate and (b) percentage of hatching rate.



774 M. Suganya et al./Saudi Journal of Biological Sciences 26 (2019) 767-776

48 h

72 h

Fig. 11. Representative images of genotoxic effects in zebrafish embryo and larvae based on different incubation hours post fertilization (hpf).

Control

PAC-AgNPs CS-PAC-AgNPs

Fig. 12. Fluorescent microscopic images of ROS in zebrafish larvaes following exposure to CS-PAC-AgNPs for 120 h.

tigation, it was determined that CS-PAC-AgNPs, even at a low con- 4. Conclusions

centration, caused ROS generation. Subsequently, it has been delib-

erated that ROS generation in the present setting might be a In summary, a novel nanocombination using biodegradable chi-
definitive reason for cell death in larvae, acting through DNA dam- tosan has been synthesized to improve biocompatability, low tox-

age, genomic instability, loss of cell membrane and cell death icity and solubility of the drugs. In particular, this drug was found
(Jezek and Hlavata, 2005; Sandeep and Pandey, 2014). to enhance the mortality of colon cancer cells with an underlying
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molecular mechanism of intrinsic pathway. In vivo studies have
used the developmental zebrafish model for assessing genotoxic
effects of the synthesized CS-PAC-AgNPs. In conclusion, the new
nanocombination in this study, may further advance the use of
CS-PAC-AgNPs-based nanotherapeatic biomaterials, for various
biomedical applications, especially cancer nanotherapy.
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