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Abstract

This study demonstrates a novel approach for the synthesis of silver nanoparticles (AgNPs) against human liver
cancer cell line (HepG2) using prodigiosin pigment isolated from Serratia marcescens. It further investigates the
influence of various parameters such as initial pH, temperature, silver nitrate (AgNO,) concentration, and pro-
digiosin concentration on stability and optical properties of synthesized prodigiosin AgNPs. Highly stable, spheri-
cal prodigiosin-conjugated AgNPs were synthesized with a mean diameter of 9.98 nm using a rapid one-step me-
thod. The cytotoxic activity investigated in the present study indicated that prodigiosin and prodigiosin-conjugated
AgNPs possessed a strong cytotoxic potency against human liver cancer. The in si/ico molecular docking results
of prodigiosin and prodigiosin-conjugated AgNPs are congruent with the in vitro studies and these AgNPs can
be considered as good inhibitors of mitogen-activated protein kinase 1 (MEK kinases). The study opened the po-
ssibility of using prodigiosin-conjugated AgNPs to increase the efficiency of liver cancer treatment.
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Introduction

Biological metallic synthesis of nanoparticles is
a green ecofriendly technology since it neither involves
harmful chemicals nor high temperatures (Sastry et al.,
2003; Bhattacharya and Gupta, 2005; Dur4n et al., 2007;
Gade et al., 2008; Mukherjee et al., 2008; Fayaz et al.,
2010; Thakkar et al., 2010; Narayanan and Sakthivel,
2011; Rubilar et al., 2013). A wide spectrum of biological,
chemical, and physical applications of biosynthesized
nanoparticles covers, among others, drug delivery, can-
cer and gene therapy, DNA analysis, antiviral, antibac-
terial, and antifungal agents, diagnostic devices, anti-
coagulant, thrombolytic, and nanocatalysis (Gong et al.,
2007; Li et al., 2011; Manikprabhu and Lingappa, 2014;
Azeez et al., 2016; Ojo et al., 2016; Lateef et al., 2016a,
2016b, 2017). Nanoparticles of desired shapes and sizes
can be obtained by controlling the synthesis conditions.

In the same regard, temperature and pH are reported to
control AgNPs size in the supernatant of E. colf(Guruna-
than et al.,, 2009a, 2009b; Ganesh Babu and Guna-
sekaran, 2009, 2013).

The most significant goals of cancer therapy re-
search include the recognition of novel targets and the
discovery of more specific chemotherapeutic agents.
Prodigiosin is a family of natural red pigments produced
by various bacteria including Gram-negative rods such as
Serratia marcescens (Bunting, 1940; Weiss, 1949; Hub-
bard and Rimington, 1950; Castro et al., 1959; Williams
etal., 1956; Rapoport and Holden, 1962; Khanafari et al.,
2006), Pseudomonas magneslo rubra (Gerber, 1975),
Vibrio psychroerythrous (D’Aoust and Gerber, 1974),
Serratia rubidaea (Gargallo-Viola, 1989), Vibrio gazo-
genes (Allen et al., 1983), Alteromonas rubra (Gerber
and Gauthier, 1979), Rugamonas rubr (Maurice, 2002),
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Hahella chejuensis (Huh et al., 2007; Kim et al., 2008);
and Gram-positive actinomycetes such as Streptoverti-
cillium rubrireticuli (Gerber and Stahly, 1975), Strepto-
myces griseoviridis (Kawasaki et al., 2008), Strepto-
myces longisporus Ruber (Wasserman et al., 1969), and
Streptomyces coelicolor A3(2) (Harris et al., 2004).
Prodigiosin, a bacterial metabolite, is a tripyrrole nitro-
gen ring pigment synthesized by Serratia marcescens
(Williams, 1973; Kavitha et al., 2010). This red pigment
is a promising drug owing to its antimicrobial and im-
munomodulatory activities (Lee et al., 1995; Da Silva
Melo et al., 2000). Itis produced by Serratia marcescens
following a bifurcated biosynthesis pathway in which the
separately obtained mono and bipyrrole precursors are
coupled to form the linear tripyrrole red pigment (Boger
and Patel, 1988) during the stationary phase of bacterial
growth (Rokem and Weitzman, 1987). Serratia pigment
genes clusters contain 14 genes common to Serratia
which are named from pigA to pigN (Cerdefio et al.,
2001; Harris et al., 2004). The cytotoxic properties of
prodigiosin were recognized for several decades. Fullan
and coworkers (1977) observed the antitumor activity of
prodigiosin in mice. Some cancer chemotherapeutic
agents act primarily by inflicting apoptotic death in su-
sceptible cancer cells. Each of these chemotherapeutic
agents interacts with a specific target, causing suscep-
tible cancer cells to undergo apoptosis (Hannun, 1997).
Prodigiosin quickly and powerfully triggers the cell death
in hematopoietic cancer cells, human breast carcinoma
cell lines (Pan et al.,, 2012), gastric cancer cell line
HGT-1 (Diaz-Ruiz et al., 2001), human colon cancer cells
(Montaner and Perez-Tomas, 2001), and lung cancer cell
lines (Llagostera et al., 2005). However, nonmalignant
cells showed no marked toxicity (Montaner et al., 2000).
Prodigiosin is also shown to possess cytotoxic activity
against human tumor-derived cell lines (Pandey et al.,
2007; Venil, 2009). Suppression of cell proliferation, as
well as initiation of cell death, was recognized in these
cell lineages. In vitro anticancer activity was also descri-
bed for different analogs and synthetic indole derivatives
of prodigiosin (Pandey et al., 2007). Prodigiosin pigment
showed antiproliferative and cytotoxic effects in both
cultured tumor cell lines and human primary cancer cells
(Campas et al., 2003).

Liver cancer (hepatocellular carcinoma) is the third
most frequent cause of death in malignant neoplastic
disease and the estimated percentage of death rate is
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increasing in most of the developing countries (Siegel
et al., 2013; Ashokkumar et al. 2014). In addition, pro-
digiosin also exhibited cytotoxic activity to doxorubicin
(DOX)-resistant human small cell lung carcinoma cells
and overexpressing multidrug resistance-related pro-
teins (Llagostera et al., 2005; Venil, 2009). Cyclopro-
digiosin hydrochloride displayed a high cytotoxic po-
tency against liver cancer cells, without any toxicity to
normal cells, and its cost-effectiveness as a hepatocel-
lular carcinoma drug increased the possibility of its
therapeutic use (Yamamoto et al., 1999). The aim of this
study was to investigate the possible use of prodigiosin
pigment as a stabilizing, reducing, and coating agent for
AgNPs synthesis, and to evaluate the cytotoxic effect of
as-prepared AgNPs in human liver cancer cells (HepG2).
It was demonstrated that the biological pigments, in-
cluding those synthesized by bacteria, can be used for
green synthesis of nanoparticles (Apte et al., 2013; Nair
etal., 2013; Adelere and Lateef, 2016; Manikprabhu and
Lingappa, 2013a, 2013b, 2014).

Materials and methods

Bacterial isolate

Serratia marcescens WSE was isolated from irriga-
tion water collected from Almaryoteia Canal, Giza Gover-
norate, Egypt. The bacterial culture was maintained on
nutrient agar (NA) slant at 28°C for 24 h prior to sto-
rage at 4 °C for subsequent studies. The stored bacterial
culture was subcultured monthly to maintain bacterial
viability.

Preparation, extraction, purification, and quantification
of prodigiosin

Prodigiosin extraction was carried out as described
by Pradeep and coworkers (2013). A loop full of Serratia
marcescens WSE grown on NA plates was inoculated
into a 250 ml flask with 50 ml nutrient broth (NB) con-
taining 5.0 g/1 peptone and 3.0 g/l beef extract supple-
mented with 5 mg/ml L-tyrosine and was incubated in
a shaking incubator (VS-8480 SRN, Korea) at 3 rcf and
28°C for 24 h. A 10 ml portion of the culture broth was
centrifuged (Centurion Scientific K3 Series Centrifuges)
at 4032 rcf and 4 °C for 15 min. Prodigiosin was extrac-
ted from the cell pellet as described by Pradeep and co-
workers (2013). The cell pellet was resuspended in
10 ml of 95% ethanol, and the extract was further pro-
cessed by sonication using an ultrasonic homogenizer
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(BioLogics Ultrasonic Homogenizer Model 150VT; Bio-
Logics Inc, Manassas, VA, USA). Sonication time and
pulsar rate were adjusted at 40% pulsed power and 30%
pulsar rate for 3 min until the solution became colorless.
The mixture was vortexed and the suspension was
centrifuged at 4032 rcf and 4°C for 10 min (Slater et al.
2003). It was then filter sterilized through a 0.45-um
Whatman® Optitran® reinforced nitrocellulose mem-
brane filter. The extracted pigment was transferred into
around-bottom flask (Schott Duran, Germany), and then
evaporated using vacuum rotary evaporator (Heidolph
WB 2000, Germany) at 50°C, the dry weight was then
determined according to the protocol given by Garg and
coworkers (2013). The extracted prodigiosin was applied
to a thin layer chromatography (TLC) plate using a mix-
ture of chloroform and methanol (9:1) as the solvent
system for further purification (Casullo de Aradjo et al.,
2010). Prodigiosin was also passed through silica gel
column chromatography (2.5 x 30 cm; Kieselgel 60;
Merck, Darmstadt, Germany, mesh size: 60-80) (Mon-
taner and Pérez-Tomads, 2002) to separate the colorless
impurities. The dried sample was dissolved in 5 ml of
n-hexane and loaded onto a silica gel column with an
n-hexane and ethyl acetate solvent system (2:0; v/v to
0:2; v/v) at 1 ml/min flow rate. Chromatographic sepa-
ration through high-performance liquid chromatography
(HPLC) was carried out using a C18 column for reverse
phase chromatography (Eclipse plus C18, 4.6 x 100 mm),
with 0.8 ml/min flow rate and 10 pl injection volume.
Mobile phase was acetonitrile/ HPLC water (60:40, v/v).
The amount of pigment produced in bacterial cells and
supernatant was determined by addition of 100 pl of
0.1N HCI to 10 ml of the supernatant and also by etha-
nolic extraction (Faraag et al., 2017). The total pigment
was estimated by Spekwin32 optical spectroscopy soft-
ware. Prodigiosin concentration was calculated by mea-
suring the absorbance at 535 nm (Chen et al., 2006)
using an extinction coefficient as 51.3x10°(1mol ' cm )
(Williams et al., 1961, 1971). Concentration of the total
pigment yield (mol/l) was calculated using Spekwin32
version 1.71.6 (Menges, 2011).

Synthesis of AgNPs using prodigiosin

Prodigiosin was diluted with deionized water to
a pigment final concentration of 4 pg/ml, followed by the
addition of the aqueous AgNO, solution to 1 mM final
concentration. Finally, the volume was adjusted to 10 ml
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with deionized water (dd). The reaction was carried out
at 20°C for 24 h.

Factors controlling the size and shape
of synthesized AgNPs

Initial pH

AgNPs were synthesized at a pH value adjusted over
the range between 6 and 13. As previously mentioned,
the synthesis was carried out using prodigiosin pigment
with ImM AgNO,. The pH value was adjusted with 0.1
N HNO, and 0.1 N NaOH.

Temperature

The effect of temperature on AgNPs synthesis was
observed over a range of temperatures from 10 to 100°C.
Synthesis of AgNPs at optimum pH was determined in
a previous step.

Silver nitrate concentration

Various concentrations of AgNO,, ranging from 1 to
10 mM in test tubes containing 4 png/ml prodigiosin,
were used to determine the effect of AgNO, concentra-
tion on the synthesis of AgNPs. The volumes were ad-
justed to 10 ml with dd H,O. The reactions were in-
cubated at 30°C and pH 13 for 24 h. Formation of
AgNPs was confirmed by UV-visible spectrophotometry.

Prodigiosin concentration

The effect of different prodigiosin concentrations
(1,2, 3,4, 5,10, 100, 200, 300, and 500 pg/ml) on the
synthesis of Ag nanoparticles was examined using AgNO,
atits optimum concentration and pH value determined at
previous experimental stages, incubated at 30 °C for 24 h.

Time evolutions for synthesis of AgNPs

The time evolutions for the synthesis of AgNPs were
studied at regular intervals of 20 min for 2 h, and then
after 18 h, as previously mentioned. The visualized color
change to dark brown was observed in the reaction mix-
ture and confirmed using UV-VIS spectrophotometry
along with the other methods of characterization.

Characterization of the synthesized AgNPs
— UV-VIS spectral analysis

AgNPs were characterized according to the protocol
by El-Batal and coworkers (2013) as follows: UV-VIS
spectroscopy analysis was carried out using a JASCO
V-630 UV-VIS spectrophotometer (Pgeneral, China),
where the maximum absorption spectra were analyzed
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over a range of 200-800 nm, at a resolution of 1 nm, and
a scan speed of 400 nm/min (El-Batal et al., 2013). Base-
line correction of the spectrophotometer was carried out
using a blank reference. The UV-VIS absorption spectra
of all the samples were recorded and numerical data
were plotted and analyzed by the Spekwin32 version
1.71.6.1 (Ramezani et al., 2008; Menges, 2011).

Dynamic light scattering

Average particle size and size distribution of dissol-
ved nanoparticles were analyzed by dynamic light scat-
tering (DLS) (PSS-NICOMP 380-ZLS particle sizing sy-
stem St. Barbara, California, USA). The samples were
diluted 10 times with deionized water before measure-
ments and 250 pl of suspensions were transferred to
disposable low volume cuvettes. After equilibration at
25°C for 2 min, 5 measurements of each sample were
taken using 12 runs of 10s each (Poole and Owens, 2003;
Kohler and Fritzsche, 2004).

Transmission electron microscopy analysis

Transmission electron microscopy (TEM) studies
were performed using (JEOL Electron Microscopy JEM-
100 CX, FEI, America) electron microscope operating at
an accelerating voltage of 200 KV. For TEM measure-
ments, a drop of the resulting solution was placed on
a copper grid covered with amorphous carbon. After all-
owing the film to stand for 2 min, the extra solution was
removed with blotting paper and the grid was allowed to
air dry before the measurement (Poole and Owens, 2003).

Fourier transform infrared spectroscopy
spectral analysis

Fourier transform infrared (FTIR) measurements
were carried out to obtain information about the sta-
bilizing chemical groups present around AgNPs and to
understand the transformation of functional groups due
to the reduction process. The resulting solutions were
diluted with potassium bromide (KBr) in a 1:100 ratio,
and after drying at room temperature they were compres-
sed to form disks to be analyzed further by FTIR spectra
(4000-400 cm '), at JASCO FTIR-3600 (Bruker, Ger-
many), by employing the KBr pellet technique ata 4 cm '
resolution (Anderson et al., 2004; Hesse et al., 2008).

X-ray diffraction pattern of AgNPs

The AgNPs were investigated by X-ray diffraction
(XRD) technique (6000, Shimadzu, Japan) using copper
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potassium alpha (CuKao) radiations (Kohler and Fritz-
sche, 2004). AgNPs solution was placed on a glass slide
to form a film and was dried at room temperature. In the
next step a scan was performed using XRD operating
with a Cu anode at 40.0 (kV) voltage and 30.0 mA
current, in the 260 range value, between 20° and 100°,
with a speed of 2°/min and continuous scan mode
(Duane et al., 1997). Each diffraction peak was corrected
for background scattering and was stripped of Ka2 por-
tions of the diffracted intensity.

Cytotoxicity assay for anticancer-drug screening

AgNPs were dried using silica gel as a desiccant in
a desiccation chamber. Cytotoxicity assay for anticancer-
drug screening was carried out with sulforodamine B
(SRB) assay according to a procedure by Skehan and
coworkers (1990). Cells were seeded in 96 well micro-
liter plates at 1000-2000 cells/well concentration in
100 pl. After 24 h, cells were incubated for 72 h with
various concentrations of drugs (10 mM stocks of prodi-
giosin and nanosilver: 10 mM stock DOX), and then 10-
fold serial dilutions (0, 0.01, 0.1, 1, 10, and 100 unit)
were prepared. The plates were incubated for 48h, then
the medium was discarded and cold trichloroacetic acid
was added per 150 pl well to 10% final concentration and
incubated for 1 h at 4°C for cell fixation. The cells were
washed three times with sterile distilled water (TCA
reduces SRB protein binding). The wells were then
stained for 10-30 min at room temperature with 0.4%
SRB dissolved in 1% acetic acid (70 ul/well) and kept in
the dark. They were washed with 1% acetic acid to re-
move the unbound dye until the washing solution was
colorless. The plates were air dried (24 h). The dye was
solubilized with 150 pl/well 10 mM tris-base (pH 7.4) for
5 min on a shaker, at 287 rcf. The optical density (OD)
of each well was measured spectrophotometrically at
545 or 540 nm with an ELISA microplate reader (Ske-
han et al., 1990). The IC, values were calculated using
sigmoidal concentration response curve fitting models
(Sigmaplot software).

In silico docking study of cytotoxic activity

The docking study was carried out on an Intel Dual-
Core (1.8 GHz) Windows PC with Molegro Virtual Doc-
ker (MVD) 2013.6.0.0 (Thomsen and Christensen 2006).
The two-dimensional structure of prodigiosin conjugated
with silver was converted into a three-dimensional for-
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mat for docking purposes using ChemOffice 2010 (Cam-
bridgeSoft Corporation). Prodigiosin and DOX ligands
were obtained from PubChem Bioassay. Crystallographic
structure of MEK1 kinase (Mitogen-activated protein
kinase kinase) was obtained from the protein data bank
[(4LMN-PDB) Research Collaboratory for Structural
Bioinformatics (RCSB) (http://www.rcsb.org/pdb)]. The
protein originated from Homo sapiens. Its resolution
was 2.80 A with 0.2884 R-value (Hatzivassiliou et al.,
2013). The binding sites of the protein were determined
using MVD and 5 cavities having 469.504 A® total volu-
me and 1111.04 A® surface area were predicted. The
binding site was set inside a restriction sphere of 15 A
radius using MVD. All other software parameters for
docking were set to the default values. The parameters
were as follow: The “MolDock SE” searching algorithm
was used with the number of runs set to 10 using a maxi-
mum of 1500 iterations and a total population size of 50.
The energy threshold used for the minimized final orien-
tation was 100. The Simplex evaluation with 300 maxi-
mum steps of neighbor distance factor 1 was completed.
The chosen cavity was further refined using side-chain
minimization by selecting the add-visible option at
a maximum (10000) of steps per residue and a maxi-
mum (10 000) of global steps. The setup for side-chain
flexibility by selection of the add-visible option, setting
for the selected flexible side chain during the docking
option, and other parameters were all kept in default. All
docking calculations were carried out using the grid-
based MolDock score (GRID) function with 0.30 A grid
resolution.

Results

Synthesis of AgNPs using prodigiosin pigments
— effect of initial pH value on the synthesis of AgNPs

The effect of initial pH value of prodigiosin aqueous
solution is an important parameter in the synthesis of
AgNPs. That parameter was studied at different pH va-
lues ranging from 6 to 13. Figure 1 shows that the ab-
sorption spectra of AgNPs with surface plasmon reso-
nance (SPR) band blue-shifted due to an increase in the
pH value from 9 to 13 and showed a maximum absor-
bance at pH 13. Interestingly, at pH values ranging from
6 to 8, the absorption peaks could not be observed indi-
cating that AgNPs synthesis was not initiated in a solu-
tion having pH value below 9. As the pH value increased
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Fig. 1. UV-VIS spectra of AgNPs synthesized by prodigiosin
at pH value ranging from 6 to 13

100 nm
Fig. 2. TEM micrographs of AgNPs synthesized at A) pH 9
and B) pH 13

the SPRs blue-shifted and absorbance intensity increa-
sed; however, the size of AgNPs reduced. TEM images
of synthesized AgNPs by prodigiosin showed spherical
nanoparticles with a mean size of 11.26 nm at pH 13,
and a mean size of 73.0 nm at pH 9 (Fig. 2).

Effect of temperature on the synthesis of AgNPs

The effect of temperature on the formation of AgNPs
was also investigated. All the reaction temperatures sho-
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Fig. 3. UV-VIS spectra of AgNPs synthesized by prodigiosin
at different temperatures

500 nm

Fig. 4. TEM micrographs of AgNPs synthesized using 4 j1g/ml
prodigiosin at pH 13 and 1 mM AgNO, after 24 h at different
temperatures A) 30°C, B) 70°C and C) 100°C

wed SPR band intensities. A red shift of the SPR band
was observed because of the increase in the reaction
temperature from 20°C to 70°C. However, the increase
from 80°C to 100°C resulted in a decrease in the wave-
length of the absorbance peaks for the synthesized
AgNPs with a small blue shift (Fig. 3). The peaks red-
shifted as the size of AgNPs increased. As shown in
TEM images, these AgNPs were spherical with a mean
diameter of 11.25, 51.22, and 34.75 nm when synthe-
sized at 30°C, 70°C, and 100°C, respectively (Fig. 4).

Effect of AgNO, concentration on the synthesis
of AgNPs

The sizes of AgNPs can be controlled by varying the
concentration of AgNO, used for the reduction reaction.
The synthesis of smaller AgNPs is accompanied by vi-
sible color changes of silver metal (Katok et al. 2009).
A red shift of the SPR was observed because of the gra-
dual increase in the concentration of AgNO, (from 1 to
10 mM, Fig. 5). TEM images show spherical nanopartic-
les with a mean diameter of 14.11 nm at ImM AgNO,
concentration. However, anisotropy of irregular ellipso-
ids or rod-shaped AgNPs were formed at 4 mM AgNO,,
with a mean length of 108 nm and width of 23.76 nm
(Fig. 6).

4.8
1mM

2mMm
3ImMm
4 mM
5mM
6 mM
7mM
8mMm
9mM
10 mM

200 250 300 350 400 450 500 550 600 650 700 750

Wavelength [nm]

Fig. 5. UV-VIS spectra of AgNPs synthesized by prodigiosin
at different AgNO, concentration ranging from 1 mM to 10 mM

The effect of different concentrations of prodigiosin
on the synthesis of AgNPs

UV-VIS spectra of AgNPs synthesized using prodi-
giosin pigment at different concentrations are shown in
Figure 7. SPR peak was not observed at 2 pg/ml; how-
ever, the addition of 4 pg/ml enhanced the synthesis of
AgNPs as indicated by SPR peaks. SPR peak intensities
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100 nm

Fig. 6. TEM micrographs of AgNPs synthesized using 4 j1g/ml
prodigiosin at pH 13 and two AgNO, concentration A) 1 mM
and B) 4 mM

= 2pg/ml
= 4 pg/ml
= 6 pg/ml
= 8 ug/ml
== 10 pg/ml
== 50 pg/ml
== 100 pg/ml
= 200 pg/ml
= 300 pg/ml
== 500 pg/ml
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Fig. 7. UV-VIS spectra of AgNPs synthesized using different
prodigiosin concentrations and pH 13 at 30°C after 24 h
and 1 mM AgNO, concentration

increased as the concentration of pigment increased.
However, as the concentration increased from 4 pg/ml
to 500 pg/ml, the wavelength of absorbance peak for the
synthesized AgNPs increased with a small red shift that
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100 nm

Fig. 8. TEM micrographs of AgNPs synthesized using 1 mM
AgNO, at pH 13 and A) 4 pg/ml and B) 500 pg/ml prodigiosin

appeared between 420 and 425 nm. TEM images sho-
wed spherical nanoparticles with a mean diameter of
9.98 nm and 14.86 nm at 4 pg/ml and 500 pg/ml, res-
pectively (Fig. 8).

3.3
— befor addition of NaOH
3 — after addition of NaOH
\ = 0 min
27 = 20 min
244N “= 40 min
g 21 = 60 min
S < ~— 80 min
o 18 — 100 min
5 = 120 min
o 15
Qo N
< 1.2
0.9
0.6
0.3

400 450 500 550 600 650 700 750 800
Wavelength [nm]

250 300 350

Fig. 9. UV-VIS spectra analysis of synthesized AgNPs after
addition of 1 mM AgNO, to 500 pg/ml prodigiosin pigment
at pH 13 during time intervals

Time evolutions for synthesis of AgNPs

Figure 9 showed no absorption peak after 20 min,
however, the absorption band intensity increased with
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Fig. 10. Formation of AgNPs using prodigiosin during time intervals

time duration due to the continuous formation of AgNPs.
A weak absorption peak began to appear at 396 nm after
120 min. An absorption peak of AgNPs at 422 nm after
18 h corresponds to those chemically conjugated with pro-
digiosin. Meanwhile, the color changed from red to yellow
after addition of NaOH and returned to red after addition
of AgNO,. Finally, the color changed to brown after 10 min
as an indication of the formation of AgNPs (Fig. 10).

X-ray diffraction pattern of AgNPs

XRD measurements were performed to characterize
crystal structures of the AgNPs as showed in Figure 11.
Five well-defined characteristic diffraction peaks at
38.2°,44.1°,64.72°,77.4°, and 81.50° (20 values) cor-
responded to the reflections from the (111), (200),
(220), (311), and (222) planes, respectively, and confir-
med the crystalline phase of the AgNPs. Moreover, the

intensity of the (111) diffraction was much stronger than
those of the (200), (220), (311), and (222) diffractions.

Reduction mechanism

FTIR measurement was carried out to determine the
reduction mechanism and identify potential functional
groups responsible for the synthesis and stabilization of
prodigiosin-conjugated AgNPs. Figure 12showsthe FTIR
spectra of prodigiosin (before bioreduction) and prodi-
giosin-conjugated AgNPs (after bioreduction). Four
bands (at 2815.2 cm ', 1654.0 cm ', 1438.0 cm ', and
1423.0 cm ') showed significant changes after synthesis
of AgNPs. This peak, found only in AgNPs combination,
may be due to conjugation of AgNPs with the free sites
of methylene groups of prodigiosin pigment in symmetri-
cal stretching at 2815.2 cm . Moreover, the peaks at
1654 cm ' were found only in AgNPs combination due to
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Fig. 11. The XRD pattern of Ag nanoparticles conjugated
with prodigiosin, obtained using CuK radiation (= 0.154)
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Fig. 12. FTIR spectra of prodigiosin (black line)
and prodigiosin-conjugated nanosilver (PG-AgNPs) (red line)

the conjugation of AgGNPs to the -NH function groups in
prodigiosin. A new peak was also formed at both
1438.0 cm ' and 1423 cm ' due to the formation of new
chemical covalent bonds between AgNPs and methyl
groups present in prodigiosin, facilitating conjugation be-
tween nanometal and methyl groups in the dye.

The solubility of AgNO, induce the formation of
silver oxide in solutions of sufficient alkalinity and the
presence of amphoteric properties is mainly a conse-
quence of the equilibrium represented by the following
reaction (Johnston et al., 1933).

Ag,0 + 20H = 2Ag0™ + H,0

Figure 13 shows the amphoteric properties of silver
oxide in alkaline solutions of the equilibrium reacting
with positively charged pyrrole ring of prodigiosin which
resulted in the formation of prodigiosin-conjugated
AgNPs (PG-AgNPs). The predicted structure was gene-
rated using LigandScout 3.2 consisting of overall phar-
macophore features: two hydrogen bond donors, two
hydrogen bond acceptors, and an aromatic ring (Wolber
and Langer, 2005).
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Ag,0 + 2HO" (1)

H,0 +2Ag0 (2

HBA

Fig. 13. The mechanism of AgNPs synthesis using prodigiosin (chemical properties and ligand investigation of prodigiosin
was performed using LigandScout 3.2)

The cytotoxic effect of prodigiosin
and prodigiosin-conjugated AgNPs

PG-AgNPs had a potent anticancer activity against
the liver cancer cell forms of HepG2 cell line (IC,,
= 29.8548 pg/ml) compared to prodigiosin that had an
IC, of 44.834 pg/ml and a higher anticancer activity
compared to DOX (IC,, = 46.82 pg/ml). PG-AgNPs pro-
ved to be efficient, and as their anticancer efficacy in-
creased with increasing concentration (Table 1).

In silico study

The in silico investigation for MEK1 kinase of the
docked poses was performed on the basis of MolDock
score followed by Rerank score and hydrogen bond
interaction (H-bond) score. The best docking score for
MEK]1 kinase of the MolDock score was -162.59 with
-130.103 Reranking score (Table 2). The binding affi-

nity of selected inhibitors at the active site of human
MEK1 kinase using MVD in decreasing order was PG-
AgNPs (-162.59), prodigiosin (-144.707), and DOX
(-74.7941), respectively, based on MolDock and Rerank
scores. Figure 14 shows the predicted active site in the
human MEK]1 kinase protein (4LMN) with the cavity
marked with a green mesh. The best docking score to
the receptor and the highest affinity of binding were
recorded for PG-AgNPs (-163.342) followed by prodi-
giosin (-145.714) and DOX (-87.6882) (Table 3). DOX,
although having a low Rerank score, showed a good sta-
bility by the formation of four hydrogen bonds in the
same cavity (Fig. 15). The prodigiosin docking hits sho-
wed common molecular interaction with Serine 212 (Ser
212). The ligand-protein interaction and the binding
mode for top three docking hits are shown in Table 2
and Figure 15.
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Table 1. The cytotoxic effect of prodigiosin, prodigiosin-conjugated nanosilver (PG-AgNPs)
and doxorubicin against HepG2 liver cancer cell lines
Viability % IC, %
Concentration prodigiosin- prodigiosin-
[ng/well] prodigiosin -conjugated doxorubicin prodigiosin -conjugated doxorubicin
nanosilver nanosilver
0 100 100 100
6.25 85.1080292 91.877986 66.4309639
12.5 74.0826708 80.465773 58.87607
44.834 29.8548 46.82
25 66.1521499 72.1483975 54.8008932
50 35.2037757 30.5615196 48.7718645
100 30.1746649 25.9192634 45.8317827

Table 2. The comparative docking simulation results of selected prodigiosin-conjugated AgNPs, prodigiosin and doxorubicin
with human MEK1 kinase including interacting residues and number of H-bonds, ligand from X-ray crystallized data
of the protein data bank (4LMN.pdb) using MVD

. Interacting residues
Ligand MolDock Rerank HBond MW Docking of receptor human MEK1 Number
score score score . of H-bonds
kinase

Prodigiosin-

-conjugated -162.59 -130.103 | -3.81776 @ 446.291 @ -163.342 Val211, Ser 212 2

nanosilver
Prodigiosin -144.707 | -118.643 0 323.432 -145.714 Ser 212 1
Doxorubicin 747941 717672 -9.19366 534.448 -87.6882 VS 192 lle 216, Met 219, 4
and Asn 221
Discussion

Nanoparticles have opened a new area in the field of
cancer therapy because of their unique properties such
as small size, controlled release of drugs, and reduced
toxic side-effects. Prodigiosin pigment has antifungal,
antibacterial, antiprotozoal, antimalarial, cytotoxic, and
immunosuppressive activities (Samrot et al., 2011). The
present study focused on the synthesis of AgNPs using
prodigiosin produced by Serratia marcescens isolate
WSE. Only a few research attempts focus on an in vivo
setting to establish prodigiosin or prodigiosin deriva-
tives-based antimicrobial agents, drug toxicity, and
antitumor agents by using them in a combination with
nanometals.

AgNPs exhibit a yellowish-brown color in aqueous
solutions. Changes in the color of the reaction mixtures
from red to brown are due to the excitation of SPR of
AgNPs with its characteristic absorbance at 439 nm
(Fig. 14) (Kreibig and Vollmer, 1995; Mulvaney, 1996;

Shankar et al., 2004; Xia and Halas, 2011; Muthukrish-
nan and Nanda, 2013). The absorption peak assigned to
the SPR band of AgNPs, can be attributed to the col-
lective oscillation of the conduction electrons of metallic
nanostructures induced by the incident light field (Guo
etal., 2014). The intensity and width of the SPR depend
on size, shape, morphology, spatial orientation, optical
constants of the particles and the surrounding environ-
ment (Mulvaney, 1996; Knoll and Keilmann, 1999;
Huang and Xu, 2010).

The alkaline pH plays an important role in the syn-
thesis of smaller size AgNPs, where a broad peak related
to AgNPs synthesis starts appearing at pH 9. The in-
tensity of the band increased as the pH value increased,
and as the size of AgNPs formed reduced. In addition,
due to an increase in the Ag" ion reduction rate, the
AgNPs synthesis rate increased with increasing pH
(Abdel-Mohsen et al., 2014). The alkaline conditions ac-
celerated AgNO, reduction rate. However, at acidic or
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neutral pH no reduction was observed. Under the alka-
line conditions, the absorption peak of AgNPs showed
high intensity and blue shift as an indication that the
concentration of AgNPs increased and the size was re-
duced, respectively. As the pH value reduced, the sur-
face plasmon band of the AgNPs red-shifted toward lon-
ger wavelengths which indicated that the size of AgNPs

Fig. 14. Human MEK]1 kinase protein (4LMN) showing
the cavity (green mesh) at the active site

could be controlled by varying the pH from 9 to 13 (Ker-
ker, 1985; Sonnichsen et al., 2002; Ganesh Babu and Gu-
nasekaran, 2009; Abdel-Mohsen et al., 2014). The tem-
perature of the synthesis reaction of AgNPs influences
AgNPs growth, shape, and size. The results of our ex-
periments suggest that silver ion reduction strongly
depended on the reaction temperature, i.e., at higher
reaction temperatures the reduction rate of silver ions
(Ag") to AgNPs (Ag”) increased (Abdel-Mohsen et al.,
2014). Lower reaction temperatures usually resulted in
formation of AgNPs with a narrower size distribution.
The control of uniform shape is a very important step for
the efficient utilization of temperature in the synthesis
of AgNPs using prodigiosin. It is well known that an
absorption band appears at 419-475 nm in a 10-100°C
temperature range and is related to SPR of AgNPs
(Aslan et al., 2005; Abdel-Mohsen et al., 2012; Hyllested
et al., 2015). When the temperature was increased to
30°C, the mean size of AgNPs increased to 11.25 nm.
A further increase in the temperature (to 70 °C) resulted
in well-dispersed, uniform sized AgNPs of about
51.22 nm; however, an increase to 100 °C resulted in the
formation of smaller, uniformly sized AgNPs of about
34.75 nm.
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Itis easily understandable that AgNO, concentration
plays a role in size and shape of formed nanoparticles. It
has been shown that due to its role in increasing the
reduction rate the peak intensity increased as the AgNO,
concentration increased from 1 to 10 mM (Dubey et al.,
2010; Zaki et al., 2012; Maria et al., 2014). The SPR
band red-shifted with the increasing concentration of
AgNO, from 1 mM to 10 mM indicating an increase in
the size of AgNPs. It can therefore be assumed that the
maximum absorbance peak will red-shift to longer wave-
lengths when the particle size increases (Heard et al.,
1983; Abdel-Mohsen et al., 2014). This result showed
that the increase in silver ion concentration induced the
growth of AgNPs and resulted in increased particle size
(Jiang et al., 2008). The appearance of a peak at 417 nm
in a SPR indicated the formation of AgNPs (Wang et al.,
2004). The maximum absorbance peak intensity increa-
sed gradually with the increase in the AgNO, concentra-
tion until 3 mM AgNO,. At a concentration of 4 mM
AgNO, another phenomenon, formation of anisotropic
rod-shaped AgNPs, was observed that were confirmed
using TEM and DLS (Annadhasan et al., 2014). The
shape of AgNPs changed from spherical to anisotropic
nano-rod structures, when AgNO,concentration increased
to 4 mM and at prodigiosin concentration of 4 pg/ml. The
formation of nanoparticles could be observed when pro-
digiosin concentration was within a suitable range for
nucleation. The results indicated that using 4 pg/ml pro-
digiosin was sufficient for the synthesis of well-defined
AgNPs. No AgNPs were observed below that concentra-
tion. The characteristic SPR band of the solution was ob-
served between 420-425 nm at a concentration of pro-
digiosin higher than 2 pg/ml, which could be due to the
formation of spherical-shaped AgNPs (Annadhasan et al.,
2014). It is well known that a surface plasmon band of
spherical AgNPs appears around 420 nm (Park et al.,
2003; Suber et al., 2005; Chang et al., 2014). The par-
ticle size obtained from DLS measurement was larger
than TEM result (9.98 nm), because DLS measures the
hydrodynamic radius that considers the prodigiosin pig-
ment on the surface of AgNPs (El-Batal et al., 2014).
Spherical-shaped nanoparticles with a mean diameter of
14.86 nm were obtained at pH 13 after 18 h of reaction
with 500 pg/ml prodigiosin at 1 mM of AgNO, (Soénnich-
sen et al., 2002). The synthesis of AgNPs using prodigio-
sin was also confirmed by characteristic peaks observed
by XRD. The major peaks at 20 of about 38.1°, 44.3°,
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Lys192

Met219

Asn221

Fig. 15. Comparison of the docking interaction: 1A and 1B - for prodigiosin-conjugated nanosilver, 2A and 2B - for prodigiosin,
and 3A and 3B —for doxorubicin with human MEK1 kinase (4LMN)

64.5°, 77.5°, and 81.5° of AgNPs were assigned to the
(111), (200), (220), (311), and (222) crystallographic
planes [JCPDS card No. 01-1167] for silver nanocrystals,
respectively (Hanawalt et al., 1938; Das et al., 2011).
The highly intense diffraction peak observed at 38.1° con-
firmed a formation of pure crystalline AgNPs (Das et al.,
2011; E1Baz et al., 2015). The reduction and stabilization
mechanisms involved in the synthesis of AgNPs were in-
vestigated using FTIR. The efficient conjugation of prodi-
giosin to form AgNPs and possible functional groups of
capping agents were achieved through the chemical re-
action of negatively charged silver oxide (AgO™) and posi-
tively charged nitrogen atom of pyrrole ring. The reaction
resulted in the formation of prodigiosin silver oxide, as
confirmed by FTIR spectra. The FTIR spectra revealed
that four bands between 400-4000 cm ' wavenumbers (at
2815.2cm ', 1654.0 cm ', 1438.0 cm ', and 1423.0 cm )
showed significant changes after the reduction of silver
ions and formation of PG-AgNPs.

Some members of prodigiosin family have great po-
tential of inducing apoptosis in various human hemato-
poietic cancer cells, colon cancer cells, B-cell, and chro-
nic lymphocytic leukemia cells. Interestingly, prodigiosin
does not have any marked toxicity in nonmalignant cell

lines (Campas et al., 2003; Kavitha et al., 2010). Apo-
ptosisin liver cancer (HepG2) cells and cytotoxic mecha-
nism induced by functionalized gold nanoparticles were
studied and evaluated using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide MTT (-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay and
sulforodamine B (SRB) assay, Annexin-V/PI double-stai-
ning assay, cell cycle as reported by Ashokkumar and co-
workers (2014).

DOX is one of the most widely used chemothera-
peutics for the treatment of hepatocellular cancer. It is
also an anticancer drug that induces apoptosis and
chemosensitivity in hepatoma cell lines, human hepato-
cellular cancer cell lines (HepG2), which were targeted
with DOX and MEK enzyme inhibitors, alone or in com-
bination (Friedman, 1983; Chlebowski et al., 1984; Lai
etal., 1988; Lin et al., 1997; Yang et al., 2000; Lee et al.,
2002; Xu et al., 2011). HepG2 cell line is widely used for
in vitrostudies. It mostly expresses drug-metabolizing en-
zymes, and is also widely used as a cellular experimental
model in pharmaceutical studies for the production of new
drugs and to gain insights into drug metabolism, including
enzymes drug’s inhibition or induction potential (Knas-
miiller et al., 1998; Castell et al., 2006; Qiu et al., 2015).
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Hassankhani and coworkers (2015) reported that prodigio-
sin may have a great potential for colorectal cancer-direc-
ted therapy as it induced apoptosis in HT-29 cells (Hassan-
khani et al., 2015). The toxicity potential of prodigiosin
and PG-AgNPs on liver cancer cells was examined using
the HepG2 cell line. The cells were exposed to various
concentrations of prodigiosin and PG-AgNPs for 24 h
and 48 h, and the toxicity effects were assessed after
that period. The results showed that PG-AgNPs decrea-
sed cell viability in a time-dependent manner. In the pre-
sent study, the effects of DOX, PG-AgNPs, and prodigio-
sin, on liver cancer cells, both 1n vitro and in silico, were
examined. The cytotoxicity assessment is essential to
any study of therapeutic potential of various compounds,
particularly when assessing their applicability as an anti-
cancer drug. The inhibitory concentration (IC,, value) for
PG-AgNPs was determined to be 29.8548 pg/ml, however,
the inhibitory concentration of prodigiosin (IC;, value)
was 44.834 pg/ml. The lower the value of the half maxi-
mal inhibitory concentration (IC,,) of a drug, the higher is
the sensitivity to the drug treatment. MEK inhibition may
hold promise for the treatment of hepatocellular cancer
and potential for treatment of some cancers (Wang et al.,
2007; Choi et al., 2008; Hatzivassiliou et al., 2013). Choi
and coworkers (2008) analyzed DOX combined with mito-
gen-activated protein kinase-extracellular signal-regulated
kinase (MEKERK)-targeted therapy and suggested that
the treatment begins from the time of DOX addition
which may provide enhanced anticancer effects (Choi
et al., 2008). The in silico study showed a higher affinity
between PG-AgNPs and human MEK]1 kinase than with
prodigiosin and DOX, which was confirmed by the Rerank
score. The interaction was analyzed by the formation of
the hydrogen bond with human MEK]1 kinase, where it
was observed that PG-AgNPs formed two hydrogen
bonds with Val211 and Ser 212 in the active site cavity.
The hydrogen bonds between prodigiosin and Ser 212
were formed with human MEK1 kinase active site.
Interestingly, four hydrogen bonds were formed
between DOX and Lys 192, Ile 216, Met 219, and Asn
221.

Conclusions

Different shapes and sizes of nanoparticles can be
synthesized by controlling the reaction conditions. Prodi-
giosin pigment has a promising role in stabilization and
synthesis of AgNPs as a reducing and capping agent.
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In the present in vitro and in silico analyzes a high thera-
peutic potential of PG-AgNPs against human liver cancer
and MEK]1 kinase inhibition is shown. The present in-
vestigation demonstrated the potential of prodigiosin
conjugated with AgNPs for apoptosis studies in liver
cancer cells.
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