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ilized gold nano-particles are
superior to native tannic acid in inducing ROS-
dependent mitochondrial apoptosis in colorectal
carcinoma cells via the p53/AKT axis†

Sayoni Nag, Krishnendu Manna and Krishna Das Saha *

Gold nanoparticle formulated tannic acid (AuNP-TA) was synthesized, and its anticancer activity was

compared to that of free tannic acid (TA). The half maximal inhibitory concentration (IC50) was reduced

by half when cell lines were treated with AuNP-TA as compared to IC50 values upon free TA treatment.

Both showed better cytotoxic activity in HCT116 cell line as compared to MCF7 and HepG2. AuNP-TA

induced death of HCT116 cells was associated with characteristic apoptotic changes. At the same

treatment dose, AuNP-TA generated more ROS, caused a more extensive DNA damage and promoted

higher expression of p53 and p21 than TA. Treatment with AuNP-TA regulated generation of p53 and

ROS bi-directionally. Binding studies showed that TA lowered the expression of Akt, which inhibited the

survival of colon cancer cells. Also, cell cycle arrest at the G2/M phase, enhanced expression of caspase-

3/9, Bak, and Bax, loss of mitochondrial membrane potential, and enhanced level of cytosolic

cytochrome c were observed in AuNP-TA treated HCT116 cells. Thus, AuNP-TA is more efficient than TA

in inducing apoptotic cell death of HCT116 cells via the ROS/P53/Akt axis.
Introduction

Phytochemicals have been used historically to treat cancer
because they are safe, readily available and non-toxic.1 However,
in spite of their potent anticancer characteristics, they exhibit
major disadvantages, such as poor bio-availability and low
water solubility.2 Polyphenols are secondary metabolites that
act as signaling molecules during growth and development and
provide defense against microbe and herbivore attacks. Poly-
phenols exhibit anticancer activity both in vivo and in vitro.3

Tannic acid (TA), a polyphenol, has also been reported to exert
anticancer,4 pro-oxidant,5 antimicrobial6 and antiviral7 effects.
It is toxic at high doses and leads to hepatic necrosis. As
described in a previous study, a complete uptake of tannic acid
via rat gut wall was prevented.8

There are reports of polyphenols being modied in the small
intestine, colon and liver, where most conjugation occurs.9,10 All
these modications profoundly affect biological activity of
polyphenols. As a result, the compounds reaching the cells and
tissues are chemically, biologically and functionally different
from the original dietary form.11 The eld of nanotechnology
has overcome many of these limitations. Phytochemicals are
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more soluble when delivered by nanocarriers and show a better
effect on cancer cells as compared to their free form.12

Metal nanoparticles are important because their surface area
and the proportion of surface atoms are high.13 The biological
effects of GNPs (gold nano-particles) are signicant for human
health and cosmetics applications.14 In the 18th century, the
Egyptians used gold metal, solubilized in water, for the better-
ment of mental and spiritual health. Even in rural villages,
peasants cooked their rice with gold pellets to replace the
minerals in the body via intake of food.15 Gold nano conjugated
polyphenols are stable, non-agglomerated and biologically
active.16 GNPs also exhibit special properties, such as surface
plasmon resonance (SPR) and the ability to bind to thiol and
amine groups, thus, permitting surface modication and
biomedical application.17 The in vivo and in vitro cytotoxic
effects of GNPs have been reported in several studies, some of
which showed that GNPs exhibit anticancer properties via the
induction of oxidative stress by generating reactive oxygen
species, ultimately leading to death of the cancerous cells.18

Reactive oxygen species (ROS) is an essential regulator of
DNA damage.19 Mutation in p53 gene is the most common
mutation in human cancer cells that plays a vital role in the
genomic examination. It is needed for the cell cycle arrest
because it provides the necessary time for DNA repair. The cell
cycle can resume aer DNA damage has been repaired. Other-
wise, the cells are destructed via apoptosis. p53 mediates cell
cycle arrest and apoptosis via its effector p21.20
RSC Adv., 2019, 9, 8025–8038 | 8025
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PI3K (phosphatidylinositol 3-kinase)/AKT (protein kinase B)
signaling is oen disturbed in human cancers with AKT being
a central constituent of the pathway, inuencing various
processes that are involved in cell survival and tumorigenesis.
Targeting AKT is, therefore, an attractive anti-cancer strategy
with multiple AKT inhibitors now in use at different stages of
clinical development.21 Many anticancer drugs, like tamoxifen
and 5-uorouracil, operate via upregulation of ROS and p53 and
downregulation of Akt.22,23

It was stated in previous reports that TA leads to apoptosis
via ROS generation in human glioma cells.24 It has been sug-
gested that the combined effect of resveratrol and TA triggers
apoptosis in colon cancer cells.25 However, the cellular pathway
by which TA alone leads to colon cancer cell death and the role
of ROS and signaling cascade of colon cancer cells have not
been explored yet. Thus, this study aimed to investigate the
enhanced anti-cancer activity of tannic acid in HCT116 cells
with the exploration of the ROS-p53-Akt pathway and to
compare its anti-cancer efficacy with that of tannic acid-stabi-
lized gold nanoparticles.
Materials and methods
Chemicals

Tetrachloroauric acid (HAuCl4), TA, propidium iodide (PI),
caspase-3 and caspase-9 activity assay kit were bought from
Sigma Aldrich (USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Annexin-V/FITC kits and
rhodamine 123 were obtained from Calbiochem. All cell lines
were bought from National Centre For Cell Science (NCCS),
Pune, Govt. of India. Fetal bovine serum, Dulbecco's Modied
Eagle Medium, Pen-strep (penicillin and streptomycin) antibi-
otic, and trypsin were obtained from Gibco BRL (Grand Island,
USA). Cell culture plastic wares were obtained from NUNC
(Denmark) and protein assay reagent, BCA, was purchased from
Pierce. DAPI (40,6-diamidino-2-phenylindole dihydrochloride),
acridine orange (AO), and ethidium bromide (EtBr) were
supplied by Invitrogen (California). All primary and secondary
antibodies were purchased from Cell Signaling Technology
(CST). All other reagents were bought from Sigma-Aldrich
Company, USA.
Preparation of AuNP-TA

Reduction of Au3+ ions to Au0 was performed by heating the
solution of 20 ml of 0.25 mM TA at 45 �C for 15 min and adding
100 ml of 30 mM HAuCl4 dropwise. A deep pink solution was
obtained within 10 min. The solution was stirred on a magnetic
stirrer for 1 h without heating. AuNP-TA nanoparticles were
centrifuged at 14 000 rpm for 30 min to remove any unconju-
gated TA that remained in the supernatant. The amount of
unbound free TA in the supernatant was determined to be 0.642
mM by monitoring the UV absorption at 250 nm using the
extinction coefficient of 3 ¼ 27 200 M�1 cm�1. Thus, the nal
concentration of conjugated TA on AuNP was 0.2482 mM. The
amount of unbound free AuNP in the supernatant was deter-
mined to be 1.134 mM by monitoring the UV-Vis absorption at
8026 | RSC Adv., 2019, 9, 8025–8038
450 nm using the extinction coefficient of 3 ¼
72 246.8 M�1 cm�1. Thus, the nal concentration of AuNP was
29.739 mM.

Next, the obtained pellet was washed with double distilled
de-ionized water and suspended in 1 ml of PBS before admin-
istration to cells.

Characterization of AuNP-TA

AuNP-TA was characterized using techniques like UV absor-
bance, DLS, AFM, and FTIR according to the standard protocol.

Cell culture

HepG2 (human hepatocellular carcinoma), MCF-7 (human
breast cancer), and HCT 116 (human colorectal carcinoma) cells
were cultured in DMEM, supplemented with 10% fetal bovine
serum (FBS) and 1% pen-strep at 37 �C in a humidied envi-
ronment under 5% CO2. Aer 60–80% conuency, cells were
collected using 0.05% trypsin and 0.50 mM EDTA in phosphate
buffered saline (PBS, pH ¼ 7.4) and seeded at a necessary
density to allow them to grow well for a day before performing
the experimentation.

MTT assay

MTT assay was performed to determine cell viability. The cells
(1 � 105 per well) were seeded in 96 well plates and treated with
different concentrations of TA and AuNP-TA for 24 h. Four
hours aer adding MTT, the generated purple formazan was
solubilized in DMSO, and the absorbance was measured at
595 nm using an ELISA (enzyme-linked immune sorbent assay)
reader.

Fluorescence microscopy

For detecting the damage to nuclear or chromatin condensa-
tion, untreated and treated cells (3 � 104 per well) were stained
with 10 mg ml�1 DAPI. Cells were also stained with AO/EB to
distinguish the live, apoptotic and necrotic ones and observed
under a uorescence microscope (Olympus, Tokyo, Japan).
Images were obtained at excitation and emission wavelengths of
488 and 550 nm.

Quantication of apoptosis using Annexin-V

Apoptosis was detected using an Annexin-V FITC apoptosis
detection kit. Cells were treated with or without AuNP-TA and
then washed and stained with PI and Annexin-V-FITC according
to the instructions in the kit. The percentage of live, apoptotic
and necrotic cells was determined using ow cytometry (Beck-
ton Dickinson, San Jose, CA, USA).

Measurement of ROS generation

ROS generation was measured using H2DCF-DA. Aer treat-
ment with or without AuNP-TA in a time-dependent manner,
the cells were incubated with 10 mM H2DCF-DA for 20 min at
room temperature. The intracellular reactive oxygen species
(ROS) causes oxidation of H2DCF-DA to 20,70-dichloro-
uorescein (DCF), a uorescent compound. Cell pellets were
This journal is © The Royal Society of Chemistry 2019
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suspended in 500 ml PBS, and samples were analyzed at exci-
tation and emission wavelengths of 480 nm and 525 nm using
a spectrouorometer and a ow cytometer (Becton Dickinson,
San Jose, CA, USA).

Cell death detection assay

Quantication of histone-associated DNA fragments (mono-
and oligo-nucleosomes) in the cytoplasm aer inducing cell
death with TA and AuNP-TA was performed using ELISA kit
(Sigma-Aldrich, St. Louis, USA) according to the manufacturer
instructions.

Cell cycle analysis

Aer treatment with TA and AuNP-TA, cells were pelleted and
xed overnight in 70% ethanol at 4 �C. Next day the cells were
pelleted and suspended in PBS containing 25 mg ml�1 RNase
and Triton X-100 (0.5%) and incubated for 1 h at 37 �C. Next,
they were stained with 50 mg ml�1 PI at 4 �C for 15 min and
analysed using ow cytometry. A total of 1 � 104 cells were
counted.

Caspase activity assay

Levels of active caspases were assayed using colorimetric assay
kits (Calbiochem) following the instructions on the kit.

Western blot analysis

The cell lysate proteins were separated using 12% SDS-PAGE
(sodium dodecyl sulfate-polyacrylamide gel electrophoresis)
and transferred to PVDF (polyvinylidene uoride) membranes
(Millipore, Bedford, MA) using standard electroblotting
techniques.

Confocal microscopy

The effect of TA and AuNP-TA on levels of p53 and p21 expres-
sion in cells was examined employing immunocytochemical
analysis using standard techniques and evaluated under
Olympus FV10i automated laser scanning confocal microscope.

Measurement of mitochondrial membrane potential

In order to measure themitochondrial membrane potential, the
treated or untreated cells were washed and incubated with
rhodamine 123 (5 mg ml�1). Emission at 535 nm was measured
using a spectrouorometer (LS50B; Perkin Elmer).

Protein expression determination via ow cytometry

To analyse protein expression, cells were xed with 4% para-
formaldehyde for 15 min, perforated with 0.05% Triton-X for
10 min and centrifuged. The cell pellet was washed with PBS,
labeled with primary and uorochrome-conjugated secondary
antibodies and analyzed using a ow cytometer.

Docking studies

The SwissDock online based server was used for performing
docking studies of our compound and other proteins.
This journal is © The Royal Society of Chemistry 2019
Statistical analysis

All values are expressed here as mean� SD. Statistical signicance
was calculated between control and treatment groups using one-
way analysis of variance (ANOVA). Data were considered to be
statistically signicant when P values were found to be <0.01.

Results
AuNP-TA characterization

AuNP-TA exhibited a characteristic rose pink color (Fig. 1A). The
presence of the surface plasmon resonance band of AuNP-TA at
�537 nm conrmed26 its identity (Fig. 1B). As determined by
atomic force microscopy measurements, the surface topology of
AuNP-TA particles was uniform; they had a spherical shape with
size ranging between 60–80 nm (Fig. 1C and D). The size of
AuNP-TA particles, obtained from the differential light scat-
tering study, ranged between 68.06–78.82 nm (Fig. 1E).

FTIR analysis of free TA and AuNP-TA was performed to
analyse the involvement of various functional groups. A broad
peak was seen at 3400 cm�1 for TA and 3398 cm�1 for AuNP-TA,
attributed to O–H bond stretching and consistent with the
presence of alcoholic and phenolic compounds. One more peak
at 1643 cm�1 for TA and 1641 cm�1 for AuNP-TA indicated the
presence of amide (C]O) and alkene (C]C) groups. Smaller
peaks, detected at 1209 cm�1 for TA and 1211 cm�1 for AuNP-
TA, conrmed the presence of esters. A major difference was
observed between the two peaks at 3398 cm�1 and 1641 cm�1

for AuNP-TA (Fig. 1F), indicating the role of C]O and O–H
bonds in the reduction of Au(III) ions to Au atoms.27

Effect of TA and AuNP-TA on the growth of cancer cells

Treatment with TA and AuNP-TA, ranging in concentration
from 0 to 200 mM, of three human cancer cell lines, MCF-7,
HCT116, and HepG2, for 24 h showed different degrees of
cell death, as shown in Fig. 2A(a–c). For comparison with free
TA, we used the same dose of AuNP-TA. Both showed higher
cytotoxicity in HCT116 cells (IC50 values of 48.37 � 3.24 mM
and 23.21 � 2.45 mM) than in HepG2 cells (IC50 of 105.5 � 5.6
mM and 57.6 � 3.1 mM) or MCF-7 (IC50 of 72.35 � 3.7 mM and
39.25 � 2.6 mM). Hence, we have conducted further studies in
HCT116 cell line using 50 mM dose of AuNP-TA (the concen-
tration of TA on AuNP), the dose which resulted in optimum
cell death.

TA and AuNP-TA-induced apoptosis and enhanced Annexin V
positive cells

AuNP-TA treated HCT116 cells were studied to determine the
mechanism of cell death. Apoptosis is oen desired for the
death of cancer cells.28 Cells, treated with 50 mM TA or AuNP-TA
for 24 h, showed characteristic features of apoptosis-like
rounding and shrinking under a light microscope.28 Fluores-
cence microscopy study of treated HCT cells using DAPI stain-
ing showed intact blue nuclei in the control group and brighter
fragmented nuclei in the treated cells. Use of AO/EtBr for
staining revealed the presence of whole green nuclei in the
control group cells but greenish yellow, orange and reddish
RSC Adv., 2019, 9, 8025–8038 | 8027
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Fig. 1 (A) Rose pink color AuNP-TA; (B) UV-Vis spectrum of AuNP-TA; (C and D) AuNP-TA particle surface topology determination using AFM; (E)
particle size distribution for AuNP-TA determined by DLS; (F) FTIR spectra of free TA and AuNP-TA solutions.

8028 | RSC Adv., 2019, 9, 8025–8038 This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (A) Growth inhibitory effect of TA and AuNP-TA on different cancer cells: (a) MCF7, (b) HepG2 and (c) HCT116. Cells were treated with
different concentrations (0, 25, 50, 100, 200 mM) of TA and AuNP-TA for 24 h and viability was measured using MTT assay. The data are rep-
resented as mean � SD from triplicate independent experiments. (B) Morphological and nuclear changes in HCT 116 cells after 50 mM of TA and
AuNP-TA treatment for 24 h. Left column: morphological changes seen under a light microscope. Middle and right column: nuclear changes
seen under a fluorescence microscope after AO/EB and DAPI staining, respectively. Scale bar ¼ 20 mm. (C) Effect of 50 mM of TA and AuNP-TA
treatment for 24 h on Annexin V-FITC binding in HCT116 cells. The result represents the mean � SD from triplicate independent experiments.
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fragmented nuclei in treated cells.29 The effect of apoptosis was
more profound when cells were treated with AuNP-TA rather
than with TA (Fig. 2B).
This journal is © The Royal Society of Chemistry 2019
At the beginning stage of apoptosis, phosphatidylserine is
exposed from the inner to the outer membrane. The content of
phosphatidylserine in the outer membrane of HCT116 cells,
RSC Adv., 2019, 9, 8025–8038 | 8029
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following treatment with 50 mM of TA or AuNP-TA for 24 h, was
assessed by ow cytometric analysis using Annexin-V/FITC.30 It
was determined that the percentage of viable cells was lowered
by 64.1% and 73.1%, respectively, while the total number of
apoptotic cells increased by 25.4% and 13.5%, respectively, in
LR (early apoptotic quadrant) and by 16.8% and 30.6% in UR
(late apoptotic quadrant). This study, therefore, conrmed that
both TA and AuNP-TA-induced apoptosis in HCT116 cells, but
AuNP-TA increased the percentage of cells in UR more by 13.8%
as compared to TA at the same dose (Fig. 2C).

AuNP-TA treatment promotes enhanced ROS generation and
ROS dependent cell death

Previous reports suggested that polyphenols can kill cancer cells by
inducing ROS generation.31 Also, gold nanoparticle treated carci-
noma cells displayed an increased generation of ROS, ultimately
leading to the death of cancerous cells.18 Aer treatment of
HCT116 cells with different concentrations of TA and AuNP-TA (0–
200 mM) at different time points (6, 12 and 24 h) and measuring
ROS generation using a spectrouorimeter, it was observed that
ROS generation in HCT116 cells increased with dose and time.
Also, around 1.9 times higher ROS generation was observed when
cells were treated with 50 mM of AuNP-TA rather than TA (Fig. 3A
and B).

ROS generation, which can lead to cancer cell death via
apoptosis,32 was studied next in HCT116 cells using the ROS
inhibitor NAC (N-acetyl-L-cysteine).33 We found that at 24 h, it
increased by 9 and 67.8 times as compared to control when cells
were treated with 50 mM of TA and 50 mM of AuNP-TA. But pre-
treatment with 100, 200, or 400 mM of NAC gradually lowered
the level of ROS generation, induced by AuNP-TA, by 3.0, 4.29 and
8.69 fold, respectively (Fig. 3C). Also, the percentage of dead
HCT116 cells aer the 50 mM AuNP-TA treatment decreased by
33.8% and 47.4% aer pre-treatment with 100 and 200 mM NAC,
respectively (Fig. 3F).

TA and AuNP-TA cause ROS dependent DNA damage in
HCT116 cells

ROS are capable of inducing DNA damage in cells.34,35 Aer the
treatment of HCT116 cells with different concentrations of TA
and AuNP-TA (0–200 mM) at different time points (6, 12 and 24
h), DNA fragmentation was measured using a spectrouorim-
eter to nd that it increased with dose and time. O.D. of
untreated cells was 0.212, but 0.660 for 50 mM TA and 0.993 for
50 mM AuNP-TA treated HCT116 cells aer 24 h. These values
decreased by 1.766-fold and 2.56-fold when cells were treated
with 100 and 200 mM NAC before the treatment with 50 mM
AuNP-TA, showing that the increase in ROS generation leads to
increased DNA damage, which was decreased upon inhibition
of ROS production by NAC (Fig. 3D and E).

TA and AuNP-TA-induced DNA damage leads to p53 and p21
upregulation and translocation to the nucleus

DNA damage caused by ROS leads to activation of p53.36,37 The
increased capability of p53 to bind DNA mediates transcrip-
tional activation of many downstream genes, most importantly,
8030 | RSC Adv., 2019, 9, 8025–8038
p21, whose products trigger cell-cycle arrest.38 As expected,
western blot results indicated a higher expression of p53 and
p21 when cells were treated with 50 mM AuNP-TA rather than 50
mMTA. AuNP-TA induced higher expression levels of p53 and its
downstream product p21. When cells were treated with p53
inhibitor pithrin-a,39 the expression levels of p53 and its
downstream product p21 decreased (Fig. 4A).

P53 synthesis occurs in the cytoplasm, and it is transported
into the nucleus to activate transcription of downstream targets
aer its exposure to cellular stress.40,41 Also, p21 enters the
nucleus to affect downstream cell cycle arrest. In case of cells,
co-incubated with primary p53 and p21 antibodies and devel-
oped with FITC and TRITC labeled secondary antibodies,
respectively, co-translocation in the nuclei was observed for
both proteins in 50 mM TA and 50 mM AuNP-TA treated cells; in
the untreated cells, p53 and p21 were found mainly in the
cytoplasm. However, more profound co-localization of p53 and
p21 proteins was observed in cells, treated with AuNP-TA rather
than TA (Fig. 4B).

As revealed by MTT assay, the percentage of dead AuNP-TA
treated HCT116 cells was found to decrease by 33.8 and
45.4% aer treatment with 10 and 20 mM PFT-a, respectively,
before the 50 mM AuNP-TA treatment (Fig. 4C).
TA and AuNP-TA induced ROS generation and p53
upregulation affect each other bi-directionally

Next, we wanted to determine whether p53 also controlled ROS
generation42 or just ROS controls p53 when HCT116 cells were
treated with AuNP-TA. Spectrouorimetry measurements
showed decreased ROS generation when HCT116 cells were pre-
treated with 10 and 20 mM pithrin-a, followed by treatment
with 50 mM AuNP-TA, as compared to ROS generation when
HCT116 cells were treated with 50 mM AuNP-TA (Fig. 5A).
Western blot data showed a decrease in p53 expression in cells
treated with 50 mM AuNP-TA when they were pre-treated with
100 and 200 mM of NAC (Fig. 5B).
TA and AuNP-TA cause G2/M cell cycle arrest in HCT116 cells

To determine ROS mediated cell cycle arrest,43,44 we have tested
the cell cycle status aer treating cells with 50 mM TA or 50 mM
AuNP-TA, and cells pre-treated with 10 and 20 mM PFT-a also
with 50 mM AuNP-TA. G2/M cell cycle arrest occurred aer TA
and AuNP-TA treatment as the proportion of cells in G2/M
phase decreased by 4.9% for TA and 19.1% for AuNP-TA
groups but increased by 8.8% and 10.6% in cells, pre-treated
with 10 and 20 mM PFT-a (Fig. 6A).

Protein p53 regulates expression of cyclins, controlling the
cell cycle.45,46 Expression levels of cyclin A, cyclin B1, and CDK1
(Cyclin-Dependent Kinase) decreased, the extent being more
pronounced when cells were treated with 50 mMof AuNP-TA and
not TA. But there was an increase in the expression levels when
cells were pre-treated with 10 or 20 mM of pithrin-a (Fig. 6B).
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (A and B) Fluorometric study of ROS generation induced by different concentrations (0, 25, 50, 100, 150, 200 mM) of TA and AuNP-TA for
6, 12 and 24 h, respectively. (C) Flow cytometric study of ROS generation in HCT116 cells after treatment with 50 mM of TA or AuNP-TA for 24 h
and different degrees of scavenging effect by three concentrations (100, 200, and 400 mM) of NAC on AuNP-TA ROS generation. Values are
mean � SD and represent one of the three representative experiments (P < 0.05). (D and E) DNA fragmentation studies in HCT116 cells, treated
with different concentrations (0, 25, 50, 100, 150, 200 mM) of TA or AuNP-TA for 6, 12 and 24 h, respectively, using ELISA based colorimetric
assay. The result is the mean � SD from triplicate independent experiments. (F) Percentage of dead cells, assayed using MTT dye after pre-
treatment of HCT116 cells with different concentrations of NAC, followed by treatment with 50 mM of TA or AuNP-TA for 24 h. The result is the
mean � SD from triplicate independent experiments.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 8025–8038 | 8031
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Fig. 4 (A) Cells were treated with 50 mM of TA and AuNP-TA for 24 h and pre-treated with 10, 20 mM of PFT-a prior to AuNP-TA treatment. Cells
were lysed, and cell lysate was used for western blot analysis of p53 and p21 proteins. The bar graph shows densitometric analysis from
representative western blots for the p53 and p21 (P < 0.05). (B) Immunocytochemistry images showing localization of p53 and p21 in HCT116 cells
following treatment by 50 mM of TA and AuNP-TA. DAPI was used for genomic DNA counterstaining. Translocation status of p53 and p21 in
control cells (upper panel), 50 mM TA treated cells (middle panel), and 50 mM AuNP-TA treated cells (lower panel). Co-translocation (right merge
panel) in the nuclei was observed for both of these proteins with respect to the untreated cells, where they were found to reside mainly in the
cytoplasm. Scale bar ¼ 20 mm. Mean fluorescence intensity (MFI) was calculated for both proteins (P < 0.05). (C) Percentage of dead cells was
assayed using MTT dye after pre-treatment of HCT116 cells with different concentrations of PFT-a, followed by treatment with 50 mM of TA and
AuNP-TA for 24 h. The result is the mean � SD from triplicate independent experiments.

8032 | RSC Adv., 2019, 9, 8025–8038 This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (A) Fluorometric study of ROS generation in cells treated with
50 mM of TA or AuNP-TA for 24 h after pre-treatment with varying
concentrations of PFT-a. (B) Cells pre-treated with 100 and 200 mM of
NAC were further treated with 50 mM of TA or AuNP-TA for 24 h. After
lysis, the cell lysate was used for western blot analysis of p53 protein.
The bar graph shows densitometric analysis of representative western
blots for p53 (P < 0.05).
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TA binds to AKT, and TA, AuNP-TA regulate AKT expression
levels

PI3K/Akt mediates negative control of p53 expression level by
targeting p53 for proteasomal degradation.47 In our case, the
ow cytometry data showed that p53 expression increased aer
treatment with 50 mM TA, but Akt levels decreased. The levels
decreased further upon treatment with 50 mM AuNP-TA. Pre-
treatment of HCT cells with PFT-a before treatment with 50
mM AuNP-TA decreased the levels of p53 and increased the
levels of Akt as compared to treatment with 50 mM AuNP-TA
(Fig. 7A). Also, as demonstrated by western blot analysis, PI3K
and Akt levels decreased upon treatment with 50 mM AuNP-TA
but increased when PFT-a was used (Fig. 7B).

As it has not been previously studied, we intended to analyse
the interaction of Akt with TA on atomic level, and, hence, we
searched Protein Databank (PDB) (http://www.rcsb.org/pdb) for
suitable crystal structures (Fig. 7C). The residue interactions
across TA–Akt interface are pictorially represented. The protein–
protein interactions of TA–Akt had been analyzed, and the atom–

atom interactions across the interface showed that TA interacts
with S478, S477, K214, and R74 residues of Akt via hydrogen
This journal is © The Royal Society of Chemistry 2019
bonding. To explore the strength of interaction between the
ligand and complex, the binding free energy (DGbind) was calcu-
lated using MM-GBSA method. Negative DG values showed
a higher binding affinity between TA and Akt (Fig. 7D).
TA and AuNP-TA induced cell death in HCT116 cells follows
the mitochondrial pathway of apoptosis

Cellular apoptosis follows intrinsic (mitochondrial) or extrinsic
pathway and sometimes both.48 Mitochondrial membrane poten-
tial was lowered (Fig. 8A) and cytosolic cytochrome c level was
raised (Fig. 8E) 24 h aer the addition of 50 mM of TA and AuNP-
TA. When HCT116 cells were pre-treated with PFT-a, mitochon-
drial potential increased and cytochrome c levels decreased as
compared to those upon treatment with 50 mM of AuNP-TA alone.

To test the presence of mitochondrial pathway, levels of
caspase-9 and caspase-3, pro-apoptotic Bax and Bad, and anti-
apoptotic Bcl-2 were measured, and the mitochondrial
membrane potential was determined. Treatment with 50 mM TA
and 50 mM AuNP-TA for 24 h signicantly increased the levels of
caspase-9 (Fig. 8C) and caspase-3 (Fig. 8D) and raised the levels
of Bax and Bad; these were, however, reduced upon treatment
with 10 mM or 20 mM PFT-a. Also, the Bcl2 level, which was
lowered upon treatment with TA and AuNP-TA, was increased
when cells were treated with PFT-a (Fig. 8B).
Discussion

We consume tannic acid while eating grapes, pomegranates,
and cereals. There are previous reports of tannic acid preventing
breast cancer,49,50 ovarian cancer,51 gingival cancer52 and brain
cancer.24 However, the exact mechanism or pathway by which
tannic acid kills colon cancer cells was not fully understood.

In the present study, during a screening of TA against
different cancer cell lines for cytotoxicity, a strong effect was
noted in colorectal carcinoma cells with an IC50 of 48.37 mM. To
reduce the IC50 dose value and, possibly, increase efficiency,
AuNP-TA was synthesized. Indeed, the IC50 value of TA in
HCT116 cells was reduced to half when AuNP-TA was used. Also,
following treatment with AuNP-TA of colon cancer cells
(HCT116), blebbing of the membrane, chromosome conden-
sation and fragmentation of DNA (hallmarks of apoptosis) were
observed via A.O./EtBr and DAPI staining and conrmed via
Annexin V/PI staining.

TA and AuNP-TA-induced apoptosis proved to be ROS-
dependent because an increase in the concentration of TA and
AuNP-TA and time caused a signicant increase in the produc-
tion of ROS, while pre-treatment with NAC increasedHCT116 cell
viability. More ROS were generated upon treatment with AuNP-
TA as compared to treatment with TA at the same concentra-
tion. This led to DNA damage, which was decreased when NAC
was used. The TA or AuNP-TA induced DNA damage of HCT116
cells led to increased expression of p53 and of the downstream
effector gene p21. Confocal microscopy revealed that overex-
pressed p53 and p21 were co-localized in the nucleus. Increased
p53 expression caused cell death, and the percentage of dead
cells decreased when HCT116 cells were pre-treated with
RSC Adv., 2019, 9, 8025–8038 | 8033
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Fig. 6 (A) Effect on cell cycle arrest in HCT116 cells of treatment with 50 mMTA and 50 mMAuNP-TA and treatment with 10, 20 mMPFT-a prior to
AuNP-TA treatment. The result is the mean� SD from triplicate independent experiments. (B) Cells were treated with 50 mM of TA and AuNP-TA
for 24 h and pre-treated with 100, 200 mM of NAC prior to AuNP-TA treatment. Cells were lysed and the cell lysate was used for western blot
analysis of cyclin A, cyclin B1, and cdk1 protein. The bar graph shows densitometric analysis from representative western blots for cyclin A, cyclin
B1 and cdk (P < 0.05).
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pithrin-a. Induced DNA damage and p53/p21 expression were
higher upon treatment with AuNP-TA as compared to those upon
treatment with TA at the same concentration. It was also deter-
mined that ROS and p53 regulated each other bi-directionally.
p21 inhibited the kinase activity of cyclin A, cyclin B, and
CDK1, which controlled the G2/M transition, thereby, leading to
cell cycle arrest.
8034 | RSC Adv., 2019, 9, 8025–8038
From ow-cytometry data, it was found that ROS-induced
increase in p53 expression was accompanied by a simulta-
neous decrease in Akt expression. Thus, TA may directly
interact with Akt protein, and this inhibition of Akt may lead
to p53 up-regulation. So we performed docking studies to
nd out if TA interacted with the Akt protein. These studies
revealed that TA interacted with various residues of Akt, and
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (A) Flow cytometric analysis to determine p53 and Akt protein expression levels in HCT116 cells upon treatment with 50 mM of TA or
AuNP-TA and pre-treatment with PFT-a prior to AuNP-TA treatment. The result is the mean � SD from triplicate independent experiments. (B)
Cells were treatedwith 50 mMof TA and AuNP-TA for 24 h and pre-treated with 10, 20 mMof PFT-a prior to AuNP-TA treatment. Cells were lysed,
and the cell lysate was used for western blot analysis of PI3K-p110 and AKT proteins. The bar graph shows densitometric analysis from
representative western blots for the PI3K-p110 and AKT (P < 0.05). (C) The atomic level interaction of Akt with TA was studied using SwissDock
software. (D) The specific residue interactions across the tannic acid–Akt interface are pictorially represented.
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the derived negative Gibbs free energy indicated a high
binding affinity between TA and Akt. Lowered expression of
Akt also inhibited the survival of colon cancer cells.
This journal is © The Royal Society of Chemistry 2019
Induction of apoptosis by TA and AuNP-TA in HCT116 cells
was further conrmed by activation of caspase 3, caspase 9, and
pro-apoptotic Bax and Bad; pre-treatment with p53 inhibitor
RSC Adv., 2019, 9, 8025–8038 | 8035
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Fig. 8 (A) Mitochondrial membrane potential was measured using spectrofluorimetry in 50 mM TA or 50 mM AuNP-TA and PFT-a pre-treated
HCT116 cells, prior to TA and AuNP-TA treatment. Measurement by spectrofluorimetry using rhodamine 123 is reflected by a change in O.D.
Values aremean� SD and represent one of three representative experiments (P < 0.05). (B) Cells were treated with 50 mMof TA and AuNP-TA for
24 h and pre-treated with 10, 20 mM of PFT-a prior to AuNP-TA treatment. Cells were lysed, and cell lysate was used for western blot analysis of
Bax, Bad, and Bcl-2 proteins. Bar graph shows densitometric analysis from representative western blots for Bax, Bad, and Bcl-2 (P < 0.05). (C and
D) Cells after treatment with 50 mM of TA and AuNP-TA for 24 h or pre-treated with 10, 20 mM of PFT-a prior to TA and AuNP-TA treatment were
assayed employing ELISA based colorimetric assay using kits for determining the levels of activated caspase-3 and caspase-9. Increase in O.D.
shows activation of caspase-3 and caspase-9. (E) Cytochrome c level alteration determined via spectrofluorometric analysis.
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decreased the activation. At 50 mM dosage of TA and AuNP-TA,
the appearance of caspases and pro-apoptotic proteins was
more by AuNP-TA treatment as compared to treatment with TA.
Anti-apoptotic Bcl-2 showed decreased expression upon treat-
ment with AuNP-TA as compared to TA, but the expression
increased when the p53 inhibitor was used. Loss of mitochon-
drial membrane potential (MMP) was more pronounced when
8036 | RSC Adv., 2019, 9, 8025–8038
treatment was done with AuNP-TA as compared to TA, but pre-
treatment with PFT-a led to a gain in membrane potential.

Another factor which seems to contribute to better anti-
cancer activity of AuNP-TA is its improved stability. AuNP-TA
solution was stable for 50 days aer its preparation,
conrmed by UV-Vis absorption spectroscopy measurements
(Fig. S1†). Also, toxicity study conducted on a normal cell line
This journal is © The Royal Society of Chemistry 2019
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(human epithelial kidney cell line, HEK 293) showed that 50%
of cells were dead at 16.67 � 3.24 mM dose of tannic acid but
80.45 � 4.62 mM dose of AuNP-TA. Therefore, AuNP-TA was
much less toxic to normal cells than TA.

Drug release kinetics also show a more sustained release of
AuNP-TA as compared to that of TA (Fig. S2†). Sustained release
of AuNP-TA can also contribute to its better anticancer activity
as compared to TA. Therefore, AuNP-TA was superior to TA in
many respects.

Conclusion

The results of this study suggest that TA leads to apoptosis in
HCT116 cells via the ROS/p53/Akt axis, though it is much less
potent than AuNP-TA. It is, however, necessary to undertake
further studies to explore the function of AuNP-TA in various in
vivo cancer models to help with development of a novel treat-
ment for cancer that would lead to effective colon cancer cell
death.
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