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Abstract

Background: The expression of apoptotic family of protein plays a major role in induction of programmed cell
death. There are six major apoptotic proteins such as Caspase 12, Bcl 2, BAX, Cytochrome ¢, PARP3 and Mcl1. All these
proteins have crucial role in the regulation of apoptosis through mitochondrial degradation, DNA damage, nuclear
condensation and eventually cell death of the cancerous cells. It was observed that the apoptotic pathway has been
initiated in the cancer cells from the expression of the apoptotic proteins. The results emphasized that the apoptotic
cell death has been induced by the nanomaterials against cervical cancer Hela cell line.

Methods: Initially, the nanomaterials were individually checked for potential anticancer activities through MTT assay.
The cervical cancer Hel a cell line was treated with nanoparticles, nanoconjugates, nano-dox conjugate and chitosan—
nano-dox conjugates. The cell lysates were processed for SDS—PAGE followed by Western blotting. The apoptotic
expression has been studied for six major apoptotic proteins such as Caspase 12, Bcl 2, BAX, Cytochrome ¢, PARP3 and
Mcl 1.

Results: In the present study, the biosynthesized gold nanoparticles, nanoconjugates, nano-dox conjugate, chi-
tosan—nano-dox conjugate were treated against cervical cancer Hel a cell line. The results demonstrated anticancer
effects of the nanocompounds implying nanoparticles induced apoptotic pathway in the cancer cells. Further apop-
totic expression was studied for six major apoptotic proteins such as Caspase 12, Bcl 2, BAX, Cytochrome ¢, PARP3 and
Mcl 1. The present study was focussed on anticancer efficiency of biosynthesized nanomaterials.

Conclusions: The in vitro anticancer study showed that the nanomaterials induced cell death over the treated
cervical cancer cells. In the process of apoptotic cell death, the caspase cascade pathway was activated. The gene
expression was checked in line with some of the genes involved in apoptosis, cell death. The expression was checked
for Caspase 12, BAX, Bcl2, cyt ¢, PARP3 and Mcl 1. The expression of apoptotic proteins suggested that the cancer cell
death was mediated through ER stress-induced pathway involving the major apoptotic proteins.
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Background

Induction of apoptosis in cancerous cell by engineered
nanoparticles provides a novel feasible opportunity for
cancer therapy. Nanomaterials have been proven in
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numerous studies to induce cancer cell apoptosis. Cell
membranes consist of different receptors that func-
tion in cell—cell signalling, cell adhesion, interaction and
immune recognition of foreign substances. Nanomateri-
als communicate on the cell membrane and attach to sur-
face receptors and bring about the cytotoxic responses.
The nanoparticles produce excessive reactive oxygen
species (ROS) which result in the peroxidation of lipids,
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protein, cellular organelles and genetic material. The
reactions lead to the induction of apoptotic pathway
in the cells either through intrinsic pathway or extrin-
sic pathway by p53 activation. The activated p53 causes
increased levels of BAX, cyt ¢, Caspase 9, Caspase 3, Cas-
pase 12 leading to apoptosis (Ma and Yang 2016).

Bcl-2 family of proteins play the central role in regu-
lation of apoptosis. The regulatory proteins include
anti-apoptotic proteins Bcl-2, Bcl-XL, Bcl-W, Mcl-1, pro-
apoptotic proteins BAX, Bcl-XS and apoptosis-inducing
BH3-domain death proteins (Adhya et al. 2006). Bcl2 L1
family of proteins has two distinctive functional isoforms,
Bcl-xL acting as apoptotic inhibitor and Bcl-xS acting as
apoptotic activator. Bcl-xS promotes apoptosis by cas-
pase and BH3-dependent cascade leading to release of
Cytochrome c. Bak and BAX proteins play an important
role in the caspase cascade (http://atlasgeneticsoncology.
org/Genes/GC_BCL2L1.html).

Caspases are another family of proteinases which
induce apoptotic pathway and inflammation. Caspase 12
is a protein with a prominent role in ER stress-induced
apoptosis and particularly involved in apoptosis induced
by viral infections (Kalai et al. 2003). PARP3 is a DNA
damage repair molecule which is degraded by Caspase 3
and other cysteine proteinases in the process of apopto-
sis. The degradation of PARP proteins is indicated as one
of the signs of apoptotic pathway (Hou et al. 2018).

Methods

Preparation of nanoparticles

The nanoparticles used in this study were biosynthesized
using chloroauric acid and plant extracts as reducing
and stabilizing agents. The gold nanoparticles (AuNPs)
and nanoconjugates (AuNC) were biosynthesized using
green extracts of medicinal plants such as Andrographis
paniculata, Catharanthus roseus, Cassia auriculata,
Calophyllum inophyllum, Annona muricata, Guazuma
ulmifolia, Justicia gendarussa, Cinnamomum aromati-
cum, Aegle marmelos, Piper nigrum and Camellia sinen-
sis as discussed previously in our other reports (Kamala
Priya and Iyer 2014a). The characterization was carried
out to get an insight of the morphology and size of the
nanomaterials (Kamala Priya and Iyer 2015a, 2021).
The optimization of the underlying parameters such as
temperature and pH was carried out, which played cru-
cial role in the synthesis (Kamala Priya and Iyer 2014b).
The applications of gold nanoparticles (Kamala Priya
and Iyer 2015b), in vitro cytotoxicity (Kamala Priya and
Iyer 2019a) and anticancer assay (Kamala Priya and Iyer
2014c, 2019b, 20204, b, ¢) and anti-HIV assay (Priya et al.
2021) were carried out in different cell lines. The results
demonstrated non-toxicity of the nanomaterials to nor-
mal cell line.
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In vivo animal study of nanoparticles

The biosynthesized gold nanoparticles were subjected
to in vivo acute and chronic toxicological effects on
Wistar rats as animal model system which has been
stated in our other reports. All those experimental pro-
cedures have been adopted as per OECD guidelines and
approved by the Institutional Animal Ethics Committee
(IAEC) and Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA).
The results of that study emphasized that the biosyn-
thesized nanocompounds were non-toxic to the treated
animal model system (Kamala Priya and Iyer 2020d).

Sodium dodecyl sulphate: polyacrylamide gel
electrophoresis

Preparation of the cell lysates

The cervical cancer HeLa cell line was treated with nan-
oparticles, nanoconjugates, nano-dox conjugate and
chitosan—nano-dox conjugates. Doxorubicin was main-
tained as the drug control for the assay. After 24 h of
treatment, the plates were harvested for cell lysates. The
supernatant was collected separately in 2 ml microfuge
tubes. The adhered cells were scraped using cell scraper
with 1 ml of media for cell proteins and collected in
2 ml microfuge tubes. The microfuge tubes were cen-
trifuged at 4000 rpm for 10 min. 200 pl of the superna-
tant was collected and stored for further assay. The cells
were washed with PBS and centrifuged at 4000 rpm for
10 min. The pellet was resuspended with fresh PBS and
centrifuged at 10,000 rpm for 10 min. The supernatant
was discarded, and 200 pl of NP-40 lysis buffer was
added to the pellet, mixed well and stored at — 20 °C for
further use (Eslami and Lujan 2010).

Protein concentration: PEG

The concentration of the proteins in the sample was
increased using PEG (polyethylene glycol). The samples
were placed in dialysis membrane and kept immersed
in PEG to enable active transport of molecules across
the membrane.

Procedure 200 pl of the samples was placed in the dial-
ysis bags. The dialysis bag was clipped at both the ends.
The dialysis membranes were kept immersed in excess
quantity of PEG in Petri dishes. Fresh PEG was added at
an interval of 5-10 min, and the membrane was checked
for concentration of the samples. The PEG dialysis was
carried out for 15-20 min. The samples were recovered
from the dialysis membranes and stored at — 20 °C for
further usage (Ludwig et al. 2018).
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Protein estimation

BSA was used as the standard for protein estimation
of the samples. 20 pl of PBS was added to all the wells.
About 5 different concentration of the BSA standard
was added along with PBS. 20 pl of sample was added
to the wells along with PBS. Further 200 pl of Bradford’s
reagent was added to all the wells. The plate was incu-
bated in dark for 10 min. The absorbance was read at
595 nm. The concentration of the protein was estimated
from the standard curve of BSA (He 2011).

Sample preparation and loading

All the nanocompounds were initially screened for
in vitro anticancer activity in cervical cancer HeLa cell
line at all different concentrations of the nanoparti-
cles (Kamala Priya and Iyer 2014c, 2019a, b, 2020a, b,
c). The concentrations of the nanoparticles with effi-
cient ICy, (inhibitory concentration 50) were further
preceded for Western blot. 20 pl of the sample+5 pl of
-mercaptoethanol dye were taken in 1 ml microfuge
tubes. The samples were heated at 95 °C in dry bath for
10 min. Tris-glycine electrophoresis buffer was poured
into the upper and lower chambers of the electrophore-
sis apparatus. 20 pl of the denatured protein sample was
loaded in each well. 5 pl of a molecular weight standard
was loaded into one lane of the gel. The tank was con-
nected to the power supply, and the electrophoresis was
started with an initial voltage of 30 V and maintained at
this voltage until the sample has completely entered the
stacking gel followed by a running voltage of 70 V. After
the tracking dye reached the bottom of the gel, the cur-
rent was stopped and the gel was removed from the plates
and processed for Western blotting (Gallagher 2012).

Coomassie brilliant blue (CBB) staining: SDS-PAGE

The SDS—-PAGE gel was stained using Coomassie Bril-
liant Blue dye to visualize the separated protein bands.
After the tracking dye reached the bottom of the gel,
the current was stopped and the gel was removed from
the plates. The gel was kept immersed in the CBB dye
and left overnight at 4 °C with continuous agitation. The
dye was removed, and the gel was washed in destainer.
The individual protein bands were visualized which
represented the various proteins present in the sample
that were separated based on their molecular weight.
Genedirex blultra prestained protein ladder has been
used as the prestained protein marker (https://www.
protocolsonline.com/protein-science/coomassie/).

Western blotting
After electrophoresis of proteins, the gel was trans-
ferred to the transfer buffer. The gel, membrane, paper
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stack and the filter paper were equilibrated in a trans-
fer buffer for 10 min. PVDF membrane was activated in
methanol for 1 min and then kept in transfer buffer. A
sandwich was created by placing the components in the
order of base paper stack upon gel, membrane over the
gel and paper stack above the membrane. A clean roller
was used over each layer to gently even out the setup.
The setup was arranged in the cassette and placed in the
Bio-rad trans-blot turbo transfer system. The transfer
time was set up, and run was completed in 10 min. The
transferred membrane was incubated in 5% skimmed
milk at room temperature for 1 h with constant agita-
tion for blocking. After blocking, the membrane was
washed twice with PBS-Tween and finally with PBS.
Following the blocking, the membranes were incu-
bated overnight at 4 °C with primary antibody, which
was specific for the target protein with gentle shaking.
The next day primary antibody (Caspase 12) solution
was replaced, and the membrane was washed twice
with PBS-Tween and finally with PBS. The secondary
antibody (HRP labelled IgG goat to rabbit antibody)
was added and incubated for 4 h. After 4 h, secondary
antibody solution was removed and the membrane was
washed twice with PBS-Tween and finally with PBS.
Now, the membrane was immunodetected by specific
substrate such as DAB. The membrane was developed
in DAB. The procedure was followed for all other pri-
mary antibody (BAX1, Bcl2, cyt ¢, PARP3, Mcl2). All
the primary antibodies and HRP labelled Goat poly-
clonal to rabbit IgG secondary antibody were procured
from Cusabio, USA (Sambrook et al. 1989).

Results
See Table 1.

«+ All antibodies were procured from Cusabio, USA

+ In vitro anticancer study of nanocompounds—anti-
proliferative activity

+ Cell death induced by apoptosis due to the effect of
nanocompounds

+ Apoptotic pathway involves several apoptotic genes

+ Goat polyclonal to rabbit IgG used as secondary anti-
body

Protein estimation

The concentrations of the proteins present in the sam-
ples were estimated with reference to the standard BSA
as represented in Fig. 1, and the values are tabulated
in Table 2. The total protein content in each sample
was expressed as mg/g of BSA as represented in Fig. 2.
It could be observed that all the samples exhibited
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Table 1 The six apoptotic proteins under study
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S.no Primary antibody Specification Observed band size
1 Caspase 12 Prominent caspase cascade protein 39,20,30kDa
2 BAX1 Prominent caspase cascade protein 28,12 kDa
3 Bcl2 Apoptosis regulator 27,19,26 kDa
4 cytc Mitochondrial stress protein 36 kDa
5 PARP3 DNA damage protein 61 kDa
6 Mcl Regulator of apoptosis 38 kDa, 29 kDa
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Fig. 1 Standard curve for BSA © BSA S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 SI1 S12
Samples of NPs treated
Fig. 2 Concentration of proteins present in the samples

Table 2 Quantification of proteins present in the samples

S.no Samples Nanocompounds Protein concentration in
the samples mg/g of BSA

1 S1 NC4 2136524

2 S2 NC5 207911

3 S3 NC6 18.72309

4 S4 NP12 19.53507

5 S5 NP6 Dox 18.19753

6 S6 Chit-ND1 18.71345

7 S7 NP2 19.76089

8 S8 NC1 17.78805

9 S9 NC2 19.83832

10 S10 NP14 18.72309

11 SN NC6 Dox 2035002

12 S12 Chit-ND2 19.13784

adequate concentration of proteins with sample 1 with
maximum protein content of 21.36524 mg/g and sam-
ple 8 with minimum protein content of 17.78805 mg/g
of BSA.

SDS-PAGE electrophoresis
CBB staining was carried out for the preliminary con-
firmation of various proteins present in the sample as

represented in Figs. 3 and 4. The SDS—-PAGE gel was
stained with Coomassie Brilliant Blue dye to observe the
individual protein bands separated based on the molec-
ular weight. The separated bands were visualized which
represented the various proteins present in the sam-
ple. The six apoptotic proteins of interest were expected
for positive bands at ~ 39 kDa (Caspase 12), 28 kDa
(Bax1), 27 kDa (Bcl2), 36 kDa (cyt c), 61 kDa (PARP3)
and 38 kDa (Mcll) kDa as mentioned in Table 1. From
the SDS—PAGE gel, it was observed that various protein
bands were present near the expected band regions. Fur-
ther, Western blot was carried out for the detection of
apoptotic proteins under study.

Western blot/immunoblotting

Expression of apoptotic proteins

The biosynthesized gold nanoparticles, nanoconju-
gates, nano-drug conjugates and chitosan—nano-drug
conjugates were treated against cervical cancer HeLa
cell line. From the inhibitory concentration 1Cg, values
of the anticancer study, it was observed that the nano-
compounds have exhibited significant anticancer activi-
ties against the treated HeLa cells. The nanocompounds
have induced apoptotic pathway in the cell line under
study. The apoptotic expression has been studied for
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*S1-NC4
*$2-NC5
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Fig. 3 CBB stained SDS-PAGE gel 1

Gel 1 - *M - Pre stained protein marker *Dox - Doxorubicin

*S4_NPI12
*S5 NP6 Dox
*$6 — Chit-ND1

Control

*S7-NP2
*$S§-NC1
*S9-NC2

Fig. 4 CBB stained SDS-PAGE gel 2

S10  Sll S12

Gel 2 - *M - Pre stained protein marker *Dox - Doxorubicin
*$10- NP14
*S11 -NC6 Dox
*S12 - Chit-ND2

Control




Kamala Priya and lyer Bulletin of the National Research Centre (2021) 45:212 Page 6 of 8
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BAX 1 26kDa
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Fig. 5 Gel 1—Expression of apoptotic proteins with respective positive bands at 38 kDa for Caspase 12, 38 kDa for Mcl 1, 26 kDa for BAX, 26 kDa for
Bcl 2, 36 kDa for cyt ¢, 60 kDa for PARP3, Dox—Doxorubicin, ST—NC4, S2—NC5, S3—NC6, S4—NP1, S5—NP6 Dox, S6—Chit-ND1

S7 SO S10
. ] .

Fig. 6 Gel 1—Expression of apoptotic proteins with respective positive bands at 38 kDa for Caspase 12, 38 kDa for Mcl 1, 26 kDa for BAX, 26 kDa for
Bcl 2, 36 kDa for cyt ¢, 60 kDa for PARP3, Dox—Doxorubicin, S7—NP2, ST0—NP14, S8—NCT1, S11—NC6 Dox, S9—NC2, S12—Chit-ND2
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six major apoptotic proteins such as Caspase 12, Bcl 2,
BAX, Cytochrome c, PARP3 and Mcl 1 as represented
in Figs. 5 and 6. From the Western blot, the expression
of apoptotic proteins has been observed for Caspase
12 at 38 kDa, Bcl2 at 26 kDa, BAX at 26 kDa, cyt c at
36 kDa, Mcl 1 at 38 kDa and PARP3 at 60 kDa by NC4,
NCe6, NP1, NP6 Dox, NC5, NP2, NP2, NC1, NC2, NP14,
NC6 Dox, Caspase 12 at 38 kDa, Bcl2 at 26 kDa, BAX at
26 kDa, cyt c at 36 kDa and PARP3 at 60 kDa by Chit-
ND1S2, Caspase 12 at 38 kDa and PARP3 at 60 kDa by
Chit-ND2, respectively.

Discussion

Li et al. (2015) have reported on various events of
apoptosis in cervical cancer HeLa cell line. Release of
Cytochrome ¢ by mitochondria marked the cells under-
going apoptosis, with down-regulation of anti-apoptotic
Bcl2, up-regulation of pro-apoptotic BAX and activated
expression of Caspase 12. All these events indicated
the mechanism of ER stress-specific caspase cascade
of apoptosis. The positive band for Cytochrome ¢ was
reported at 26 kDa, Bcl 2 at 26 kDa, BAX at 21 kDa and
Caspase 12 at 38 kDa (Li et al. 2015). In the present study,
a similar pattern of apoptotic protein expression was
observed with Caspase 12 at 38 kDa, Bcl 2 at 26 kDa,
BAX at 26 kDa, Cytochrome c at 36 kDa. The apoptotic
expression indicated possible ER-mediated caspase cas-
cade of cell death induced by the nanoparticles.

Adhya et al. (2006) have stated on the radiation ther-
apy-induced apoptotic effects on cervical cancer. It
was reported that there was an increased apoptotic cell
death with up-regulation of pro-apoptotic protein BAX,
along with the down-regulation of anti-apoptotic pro-
tein Bcl-xL (Adhya et al. 2006). In the present study,
the nanomaterials-treated cervical cancer HeLa cell line
demonstrated a similar pattern of apoptotic expression
like BAX and Bcl2.

Kanipandian et al. (2019) have stated on the events
of apoptosis in lung cancer cell line treated with bio-
synthesized silver nanoparticles. It was reported that
the silver nanoparticle initiated an intrinsic apoptotic
pathway by activation of mitochondrial-mediated cas-
pase cascade with Caspase 3 and Caspase 9. The cellular
events ultimately leading to cell death involve mitochon-
drial disintegration, DNA damage and nuclear material
condensation (Kanipandian et al. 2019). In the present
study, the biosynthesized gold nanoparticles using green
extracts have been investigated for apoptotic-mediated
cell death in cervical cancer cell line. The expression
study suggested the apoptotic induction and cell death
by activation of Caspase 12 cascade in the nanoparticles-
treated HeLa cells.
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Szegezdi et al. (2003) have reported on the pivotal
role of Caspase 12 in apoptotic cell death. The activa-
tion of Caspase 12 led to further regulation of other cas-
pase cascade molecules such as Caspase 9 and Caspase
3 (Szegezdi et al. 2003). In the present study, expression
of Caspase 12 was observed in the nanoparticles-treated
HeLa cells. The expression of Caspase 12 signified the
induced apoptotic cell death in the cancer cells.

Shiraishi et al. (2006) have reported on a detailed study
correlating between endoplasmic reticulum, ER stress-
induced cell death and mitochondria along with associated
cellular events leading to cell death in MEF (mouse embry-
onic fibroblasts). Cytochrome ¢ was released from mito-
chondria after initial stress followed by activation of BAX.
The cascade of events continued with activation of Caspase
12 along with the response of Bcl2. The study reported
on the active participation of Caspase 12, BAX, Bcl 2 and
Cytochrome c in ER stress-induced apoptotic pathway of
cell death (Shiraishi et al. 2006). In the present study, the
expression of apoptotic proteins such as Caspase 12, Bcl
2, BAX and Cytochrome c has been observed which are
indicative of ER stress-mediated apoptotic pathway of cell
death in the HeLa cells treated with gold nanoparticles.

In the present study, the apoptotic expression was
checked in the cervical cancer HeLa cell line. The cancer
cells were treated by different biosynthesized gold nano-
particles, nanoconjugates, nano-dox conjugate and chi-
tosan—nano-dox conjugate. Further, the nanomaterials
were combined with doxorubicin, which was a standard
drug used to treat various types of cancer. The combina-
tion was formulated in order to enhance the therapeutic
index of the drug. Additionally, in order to increase the
bioavailability in a sustained release manner, the drug
was conjugated with the synthesized nanoparticles and
chitosan through STPP-mediated homogenization The
expression of apoptotic proteins suggested that the can-
cer cell death was mediated through ER stress-induced
pathway involving the major apoptotic proteins such as
Caspase 12, BAX, Bcl2, Cytochrome ¢, PARP3 and Mcll1.
The biosynthesized gold nanoparticles were proven to be
effective anti-proliferative agents against cervical cancer.

Conclusions

The biosynthesized gold nanoparticles, nanoconjugates,
nano-dox conjugate, chitosan—nano-dox conjugate were
treated against cervical cancer HeLa cell line. The results
demonstrated anticancer effects of the nanocompounds
implying nanoparticles-induced apoptotic pathway in the
cancer cells. Further apoptotic expression was studied for
six major apoptotic proteins such as Caspase 12, Bcl 2,
BAX, Cytochrome ¢, PARP3 and Mcll1. All these proteins
have crucial role in the regulation of apoptosis through
mitochondrial degradation, DNA damage, nuclear
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condensation and eventually cell death of the cancer-
ous cells. It was observed that the apoptotic pathway has
been initiated in the cancer cells from the expression of
the apoptotic proteins. The expression of apoptotic pro-
teins indicated an ER stress-related apoptotic pathway.
The results emphasized that the apoptotic cell death has
been induced by the nanomaterials against cervical can-
cer HeLa cell line. It was observed that the biosynthesized
gold nanoparticles exhibited efficient anti-proliferative
activity against HeLa cells. The biosynthesized nanopar-
ticles can be further exploited as novel therapeutics in
the treatment and management of cancerous conditions.
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SDS-PAGE: Sodium dodecyl sulphate—polyacrylamide gel electrophoresis;
BSA: Bovine serum albumin; PEG: Polyethylene glycol; CBB: Coomassie brilliant
blue; HRP: Horseradish peroxidase.
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