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ABSTRACT

The study aimed to synthesize phycocyanin-mediated silver nanoparticles (Ag-CNPs) using pigment extracts
from Synechococcus BDUSM13 as a green nano-synthesis procedure, an alternative for the toxic chemical route.
Biosynthesized Ag-CNPs were characterized and analyzed for their therapeutic (e.g. antibacterial) and biomedical
(e.g. anticancer) potential. Ag-CNPs were spherical in shape, crystalline, and small width-to-length ratio with a 4 nm to
20.9 nm diameter range. They also unveiled a wide range of inhibition spectrum activity against clinical bacterial
strains such as Campylobacter sp., Shigella sp., Salmonella typhi, Bacillus subtilis, and Klebsiella sp. Ag-CNPs
showed the highest inhibition against Klebsiella (13.5 mm) and B. subtilis (13.3 mm) strains whereas the lowest zone
of inhibition was observed against Shigella (8.0 mm) at 100 ug/mL Ag-CNPs. The cytotoxic analysis on the MDA-
MBA-231 cancer cell line revealed that the proliferation rate was declined gradually with higher Ag-CNPs concen-
trations. The viability of cancer cells was also reduced from 80.15% to 29.12%, 41.42% to 18.12%, and 25.12% to
5.5%, respectively, after 24, 48, and 72 hrs of incubation. Quantitative verification of reactive oxygen species showed
a 195.4% increase in ROS production with 38.9 ug/mL of Ag-CNPs in comparison to control cells. The study indicates
that due to the strong antibacterial and anti-cancerous activity of Ag-CNPs, it could be employed as a novel antimi-
crobial and anticancer agents.
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INTRODUCTION

Extraordinary characteristics of Metal Nanoparticles (MNPs) have recently become the focus of researchers from all
over the world to explore its immense applications. Structurally, MNPs are composed of an inorganic metal or metal
oxide core covered with a shell made up of organic or inorganic material or metal oxide. These exhibit improved
properties to their respective metal source based on their size, distribution, architecture, chemical assembly, colloidal
stability, and biocompatibility. Currently, MNPs are widely synthesized by conventional physical and chemical
routes; pose various biological risks and adverse effects to living cells. Consequently, there is an intensive need for
environmentally friendly, safe, consistent, and clean routes for MNPs synthesis. In this regard, biological routes
(e.g. extracellular and intracellular) are considered nontoxic thus gaining momentum as an alternative approach for
nanoparticle preparations. Biologically MNPs are not only synthesized rapidly in a cost-effective manner but also
discharge safely in the surroundings without any ecological risks. Extracts of plants, enzymes, and microorganisms
such as bacteria, algae, fungi have been successfully utilized as reducing and capping agents for the biosynthesis
MNPs [1-5]. Though globally great advances have been made in the screening of various biological systems for the
manufacturing of MNPs, there is still a great lack of knowledge about the algae-based biological synthesis of noble
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metal nanoparticles. Amongst algal systems used, cyanobacteria “blue-green algae” have been reported as the best
biological system for the biosynthesis of MNPs by both pathways, intracellularly and extracellularly. Cyanobacterial
extracts as C-Phycocyanin (C-PC) and polysaccharides can extracellularly reduce metal ions. In addition, they can
also bio-remediate toxic metals, subsequently converting them to more acceptable forms for human health and the
environment. Scientific reports have been published regarding cyanobacteria-based MNPs synthesis, characterization,
and applications [6-12].

Although scientific reports are available on cyanobacteria-based MNPs synthesis and characterization, an extensive
understanding of the MNPs applications is required before large-scale commercial production. Cyanobacteria have
been shown the ability to produce MNPs with a wide range of metals such as gold, silver, cadmium, and platinum [6,13-
15]. Amongst metals used, silver (AgNPs) is the most abundantly used MNPs. They are known for their antimicrobial
properties and have geared research interests towards antibacterial and antifungal agents. Silver, one of the most
abundantly used noble metals, has high conductivity and promising photocatalytic activity. Their large surface area
to volume ratio allows AgNPs to encounter the microbial or living cells with a higher percentage of interaction than
larger particles of the same parent material. Though unique properties of AgNPs have been geared towards research
interests towards biomedical and therapeutic applications, the low colloidal stability of these materials sends them to
aggregate at biological pH. Cyanobacteria-based MNPs may solve this problem with their phytochemical moieties
like phycocyanin and polysaccharides, increasing the biocompatibility of these materials by surface modifications.

This study has investigated the biosynthesis of AgNPs through phycocyanin extracted from marine cyanobacteria
Synechococcus BDUSM13. Synthesized MNPs were characterized and analyzed for their potential for biomedical
(e.g. anticancer) and therapeutic (e.g. antibacterial) applications.

MATERIALS AND METHODS
Chemicals and Reagents

Analytical grade chemicals were used for reagents preparation in double-distilled water (Milli-Q grade water, Merck).
Silver nitrate (AgNO,, 99.98 %) for nanoparticle biosynthesis was purchased from Sigma Aldrich, St. Louis. Growth
media for the microorganisms such as Nutrient Agar (NA), Mueller Hinton Broth (MHB), and Mueller Hinton Agar
(MHA) were procured from Hi-Media Pvt. Ltd., India. Before the experiments, glassware was washed with chromic
acid (Hi-Media, Mumbai, India), sterilized using an autoclave, and dried in a hot air oven. All the experiments were
performed in triplicates and the results were expressed as mean = SD (Standard Deviation) of all concentrations.
The selected cell line, MDA-MB-231 was cultured in Dulbecco’s Modified Eagles Medium (DMEM) media
(Sigma-Aldrich) supplemented with Fetal Bovine Serum (FBS) (Invitrogen), 2 mM L-glutamine (Sigma-Aldrich),
sodium bicarbonate (Sigma Aldrich), and 10 U/mL penicillin and streptomycin (Sigma-Aldrich) and maintained in a
humidified 5% CO, incubator, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma-Aldrich.

Sources, Growth and Culture Conditions of Microorganisms

A marine cyanobacterium, Synechococcus BDUSM-13, was obtained from National Facility for Marine Cyanobacteria
(NFMC) Tiruchirappalli, India, and maintained in ASN™ at Advanced Laboratory for Phycological Assessment
(ALPHA plus), Centre of Biotechnology, University of Allahabad, India. Cultures were grown for 14 days in
autoclaved 250 mL conical flasks containing 150 mL of medium, pH 7.5, under 20 + 2°C temperatures, and light
intensity of 72 uE/m?%s with a dark: the light cycle of 16:8 hrs. During the log phase of growth, cyanobacterial cells
were harvested by centrifugation at 4000 g in a refrigerated centrifuge (Remi, India) at 4°C for 20 min. Harvested
biomass was dried at 40°C for 48 hrs, and stored at 4°C till pigment extraction. Five different pathogenic bacterial
strains from two large bacterial taxonomic lineages, gram-positive (Bacillus subtilis) and gram-negative (Salmonella
typhi, Klebsiella pneumoniae, Campylobacter sp., and Shigella sp.) were selected for antibacterial experiments. The
lyophilized strains were procured from the National Collection of Industrial Microorganisms (NCIM), Pune, India,
and revived on nutrient agar as prescribed at Advanced Laboratory for Phycological Assessment (ALPHA plus),
University of Allahabad, India.
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Extraction, Purification, and Quantification of C-phycocyanin

C-PC was extracted by methods given by Soni [16]. Harvested cell pellets were washed in 30 mL 0.1 M Na-phosphate
buffer (pH 7) and crushed in mortar and pestle by addition of liquid nitrogen. Finely powdered frozen cell mass was
further thawed by the addition of 100 mL of the phosphate buffer, containing 10 mm EDTA. To remove the cell debris
from the buffer, the slurry was centrifuged at 10,000 g for 20 min. Blue supernatant-crude cell-free extract was removed
carefully by using a micropipette and used further for purification steps. Purification of crude C-PC was carried out at
4°C by ammonium sulfate precipitation in an icebox followed by gel filtration chromatography (Biorad, India) [17].
High purity C-PC fractions were pooled together, lyophilized, and stored in dark at 4°C in a refrigerator (Godrej, India)
for further study. The protein estimation of purified C-PC fractions was carried out by the Lowry method [18]. UV-VIS
absorbance spectra were also recorded on a double-beam1800 UV-vis spectrophotometer (Shimadzu, Kyoto, Japan).
The spectra were recorded in the wavelength range of (200-800) nm at fast scan speed mode at default settings of the
spectrophotometer. The C-phycocyanin concentration (C-PC) in mg/mL was calculated from the optical densities at
652 nm and 620 nm, using Equation 1 [19]. The extraction yield was calculated using Equation 2 [20].

(ODy,, —0.4740D,)
5.34

CPC =

(Equation 1)

(CPC)V

Yield = (Equation 2)

Where, yield=the extraction yield of phycocyanin in mg of C-phycocyanin/dry biomass (g), V=the solvent volume
(mL), and DB=Dry Biomass (g).

Green Biosynthesis of MNPs from C-phycocyanin

Synthesis of phycocyanin silver nanoparticles was done employing 10 mL of pure phycocyanin and 1 mL aqueous
AgNO, solution (5 mM), pH 7. The purity of pigment was checked by finding the ratio of absorbance at 620 and 280,
respectively. This reaction mixture was left for incubation at 25°C in white cool fluorescent light at 40 mmol photons/
m?/s or kept in dark for 48 hours. The formation of silver nanoparticles was noticed by a change in colour to brownish
for silver nanoparticles. After that culture solution was centrifuged for 7500 rpm for 15 min in a refrigerated centrifuge
(Remi, India). For control, fresh media with the addition of AgNO, was employed. In addition, a commercially
available C-phycocyanin from Spirulina sp. was purchased from Sigma Aldrich.

Characterization of Biosynthesized Ag-CNPs

The biosynthesis of Ag-CNPs in the reaction mixture was monitored for the stability of nanoparticle solutions by
measuring the UV-Vis spectrum. An aliquot of 0.1 mL was drawn at regular intervals and a UV-Vis absorbance
spectrum was recorded on UV-Vis spectrophotometer from A, to A, nm wavelength range. All measurements were
recorded in triplicate at room temperature using a 1 cm path length quartz cuvette. AgNO, solutions were used as a
control throughout the experiment. Before particle size and zeta potential measurements, Ag-CNPs were suspended
in double distilled water at a concentration of 100 mg/L and then sonicated using a sonicator (Sonics, Model VCX
130) at room temperature for 20 min at 40 W to form a homogeneous suspension. Both particle size and zeta potential
measurements were determined using Zetasizer Nano ZS 90 (Malvern Instruments, Worcestershire, UK). For these
experiments, Asymmetrical Flow Field-Flow Fractionation (AF,) was directly interfaced to a zeta sizer without
channel split and the detector flow was set to 1.0 mL/min for all fractions. For particle size measurement, Ag-CNPs
in liquid suspension was separated by the AF, system at 25°C and then measured by Dynamic Light Scattering (DLS)
method. In DLS, a 632 nm, He-Ne laser was used as the light source which is scattered through Ag-CNPs of liquid
suspension. The scattered light was collected at a 173° scattering angle and backscatter detection was performed by an
Avalanche Photodiode (APD). All experiments were carried out in triplicate and the average hydrodynamic diameter
results presented are the average measurements of the 10 runs with standard deviation in flow mode of DLS detector
using a quartz flow-through cell (Hellma, Germany) [21]. Electrophoretic Light Scattering (ELS) method was utilized
for measurement of surface zeta potential ((P) of Ag-CNPs (particle concentration ¢,=25 mg/L!, T=24.8°C and pH
9.2) with sample size no larger than 4 mm x 7mm X 1.5 mm (L x W x H). Surface zeta potential was measured
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by the methodology developed by Malvern Instruments [22]. A surface zeta potential dip cell (ZEN1002, Malvern
Instruments, UK) attached with a pair of palladium electrodes was used to provide an electrical trigger on charged
Ag-CNPs. The signals were collected at a 12.8° angle and the data were analyzed using Zetasizer Software. The zeta
potential transfer standard (DTS1235, Malvern Instruments) was used as a tracer particle (zeta potential= -42.0 mV
+4.2mV, pH9.2).

The elemental composition of Ag-CNPs with reduced ions was identified by Energy Dispersive X-Ray Analysis
(EDXA spectrometer, USA), at Electron Microscope Unit, Banaras Hindu University, Varanasi, India. Before EDX
analysis, lyophilized Ag-CNPs powder was compressed using Atlas Manual Hydraulic Press (PRESS-200) to form a
1 mm thick disc in the carbon-coated copper grid (Bruker AXS Inc. USA, Quantax-200) which assure the presence
of constituent elements. The acquisition time ranged from 60 s to 100 s with an accelerating voltage of 20 kV. The
crystallographic structure of Ag-CNPs was determined by X-ray Diffraction Analysis (XRD) technique by Rigaku
Multi-Flex X-ray diffractometer (Rigaku, Tokyo, Japan) at MNIT Allahabad. The device was operated with a sealed
X-ray tube at 40 kV, 40 mA, for 6°/min scanning rate, and 20 diffraction angles ranged from 20° to 80° with CuKa
(k=1.54 A), the wavelength of the x-ray source. Subsequently, more information on morphology, composition, and
crystalline nature of biosynthesized Ag-CNPs was obtained by Transmission Electron Microscopy (TEM) (JEOL-
JEM-100 CXII instrument) analysis at Banaras Hindu University, Varanasi, India. TEM is a direct and effective
approach to determine the particle size and morphology of the nanoparticles. The crystalline nature was examined
with the help of the Selected Area Electron Diffraction (SAED) pattern by TEM. The average size of MNPs was
calculated by counting at least 100 NPs. Moreover, functional groups which are responsible for the reduction of metals
(silver) to form stable MNPs, detected by Fourier-Transform Infrared (FTIR) spectrophotometer (FTIR 4600, JASCO,
Japan) (University of Allahabad). Freeze-dried Ag-CNPs were mixed with potassium bromide (ratio 1:100) to make a
pellet and then spectrum was recorded in the range from 599/cm to 4000/cm at 4/cm resolutions.

Antibacterial Potential of Biosynthesized Ag-CNPs

Antibacterial activity of Ag-CNPs was tested by the disk-diffusion system (Kirby-Bauer method), described by
Nathan, against four gram-negative and one gram-positive pathogenic bacterial strains; namely, Shigella sp., S. typhi,
K. pneumoniae, Campylobacter sp. and B. subtilis, respectively [23]. Before the assay, each test organism was grown
in Nutrient Broth (DifcoTM) at 28 + 1°C for 24 hrs. Agar wells (8§ mm in diameter) were prepared ingrown bacterial
lawns of agar plates with a sterilized cork-borer device. Antibacterial activity of biosynthesized Ag-CNPs was tested
in three different concentrations i.e., 25, 50, and 100 pg/mL added in the agar wells. AgNO, was used as a positive
control ((+) C). The agar plates were incubated at 37°C for 24 hrs and then examined for the presence of inhibition
zones. The diameters of inhibition zones around the agar wells were measured and the mean value for each bacterium
was recorded (in millimeter).

Test for Anticancer Activity of Biosynthesized MINPs

Cancer cells and cell culture reagents: The cancer cell line, MDA-MB-231 (human triple-negative breast cancer
cells) was purchased from the Cell Repository Center, National Centre for Cell Sciences (NCCS), Pune, India. The
cancer cells were maintained in DMEM/F-12 (1:1) media, supplemented with 2 mM of L-glutamine and Balanced
Salt Solution (BSS), 1.5 g/L Na,CO,, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine,
1.5 g/L glucose, 10 mM HEPES and 10% heat-inactivated Fetal Bovine Serum (FBS) and 1% antibiotic mixture
(penicillin G and streptomycin-100 IU/100 1g) solution. All chemicals in the experiments were analytical grade,
supplied by Sigma-Aldrich. The cells were maintained at 37°C with 5% CO, in a humidified CO, incubator (Thermo
Scientific, USA).

Cytotoxicity of Ag-CNPs by MTT assay: The in vitro cytotoxicity and survival of cells against biosynthesized Ag-
CNPs were measured by MTT (dimethylthiazol-diphenyltetrazolium bromide) assay [24,25]. The MTT is a colorimetric
assay that determines the functional state of mitochondria, indicating cell viability. The test was performed in a 96 well
plate, contained controls, and different concentration series (1, 3, 5, 10, 25, and 50 pg/mL) of C-PC extract, Ag-CNPs
(dissolved in Phosphate Buffer Saline (PBS), with three replicates each. MDA-MB-231 cells were grown (1 x 10*
cells/well) in a 96-well plate for 24, 48, and 72 hrs at 37°C with 75% confluence. PBS without C-PC and Ag-CNPs
was used as control. The medium was replaced in each experimental set with a fresh DMEM medium (2 mL) after
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18 hours of incubation. After the end of experiments, plates were washed with sterile PBS to remove cell debris and
excess nanoparticles from each well, before MTT assay. The assay was performed by adding 50 pl of MTT reagent
(Spg/mL) and incubated further for 5 hrs at 37°C in the CO, incubator. The MTT solution was then discarded, and
DMSO (500 pL) was added. The plates were placed on a shaker for at least 10 minutes to solubilize the formations
of purple crystal formazan. The absorbance was measured at a wavelength of 570 nm and 630 nm using a multi-well
microplate reader (Synergy HT, Bio-Tec, USA). The results were used to construct a graph of cell viability percentage
against C-PC extract and Ag-CNPs concentrations using Equation 3 [26].

(OD Treated OD Blank)

Cytotoxicity (%) =
(ODControl _ODBlank)

x100 Equation3

Intracellular reactive oxygen species estimation: The effect of Ag-CNPs on intracellular Reactive Oxygen Species
(ROS) levels of MDA-MB-231 cells were estimated using DCFH-DA dye by fluorescence microscopy imaging and
flow cytometry techniques [27]. The cells were inoculated (1 x 10° per well) in 96-well culture plates and allowed
to acclimatize for 24 hrs in a CO, incubator at 37°C. Afterwards, cells were exposed with Ag-CNPs at IC, and sub-
IC,, values for 24 and 48 hrs. The intracellular fluorescence intensity of cells was visualized by using an inverted
fluorescence microscope (Nikon ECLIPSE Ti-S, Tokyo, Japan). To quantify ROS intensity, both treated and untreated
cells were harvested and washed with PBS and incubated in PBS containing 10 uM Dichloro-Dihydro-Fluorescein
Diacetate (DCFH-DA) dye at 37°C for 30 min. Subsequently, cells were washed twice with PBS and subjected to
flow cytometry analysis. Multi-Mode Microplate Reader (SpectraMax Paradigm, Molecular Devices, USA) was used
to estimate the fluorescence intensity with an excitation wavelength of 485 nm and emission wavelength of 535 nm.
ROS generation was quantified using Image J software (Image J, National Institutes of Health, and Bethesda, MD).
Data were expressed as a percentage of fluorescence intensity relative to the control wells.

Statistical Analysis

All the experiments were done in triplicates, and the results were expressed as mean + standard error (SD). The
statistical software Graph Pad Prism version 5.0 (Graph Pad Software, USA) was used for analysis. p-values were
determined using the student t-test; p-value < 0.05 was considered significant.

RESULTS AND DISCUSSION
Spectral Characteristics of C-phycocyanin Extract and Biosynthesized M-CNPs

Cyanobacteria possess water-soluble proteins, Phycobiliproteins (PBPs), a group of light-harvesting accessory
pigments which capture light energy to pass on to chlorophylls during photosynthesis. According to their spectral
region, they are further classified majorly into three pigments: phycocyanin (PC) A, =610 nm-620 nm, phycoerythrin
(PE) A, =(540-570) nm and Allophycocyanin (APC) A, =(650-655) nm. These brilliantly coloured pigments help

in the photosynthesis of cyanobacteria to take over a broad range (450 to 650) nm of the solar spectrum. In this study,

Amax

phycocyanin extracted from Synechococcus BDUSM-13has A, =589 nm as shown in Figure 1. However, during
incubation with AgNO, solutions, C-phycocyanin lost its characteristic absorbance at 589 nm and A, _ shifted to
440 nm for Ag-CNPs. It indicates pigment was denatured by AgNO, and MNPs were biosynthesized. Transformation
at nanoscale also modifies the optical properties of MNPs, shown by plasmonically generated unique colours.
Nanoparticles appear in certain colours because they reflect (scatter) and absorb specific wavelengths of visible light.
In this study, rapid reduction of Ag" ions into silver nanoparticles was detected by a colour change in the reaction
mixture from transparent-blue (C-phycocyanin) to yellowish-brown, due to unaggregated silver nanoparticles (Figure
1). Conversely, no change in colour was observed in aqueous AgNO, incubated without phycocyanin under the same
conditions. Furthermore, nanospheres primarily absorb light and have peaks near 400 nm, indicating the nano size
of synthesized Ag-CNPs. Paramelle showed that smaller silver nanospheres primarily absorb light and have peaks
near 400 nm, while larger spheres exhibit increased scattering and have peaks that broaden and shift towards longer
wavelengths. In our case, A, of Ag-CNPs was 440 nm, showing the synthesis of smaller silver nanospheres [28].
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Figure 1 UV-VIS spectra recorded as a function of reaction time of an aqueous solution of 5 mM of AgNO, with the 10 ml
of phycocyanin extract; the reaction time is indicated next to the respective curves

The optical properties of silver could be determined by a single Localized Surface Plasmon Resonances (LSPRs)
effect. Phycocyanin-mediated Ag-CNPs showed a steady SPR peak in the UV spectra and retained their characteristic
inherent yellowish-brown colour. It indicates that pigment-mediated synthesis is a sustainable green route to provide
stable MNPs. Further, UV-visible spectrophotometric analysis of metal nanoparticles attained the maximum absorption
at a wavelength peak of 440 nm indicating that incubation time is dependent on colour intensity which is due to Surface
Plasmon Resonance (SPR) of AgNPs [29]. Reports on the production of pigment metallic nanoparticle synthesis are
being found with Monascus purpureus, Nostoc linckia, and Nostoc carneum [30-33].

Characterization of Size, Shape, and Morphology of Ag-CNPs

Biosynthesized Ag-CNPs were characterized for their size, shape, and morphology by employing various analytical

techniques, including X-ray Diffractometry (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and Transmission
Electron Microscopy.

X-ray Diffraction (XRD) Analysis

Crystalline size and structure of synthesized Ag-CNPs were determined by Bragg’s reflection peaks, evident from the
X-Ray diffraction pattern (Figure 2). Bragg’s reflections peaks are observed at a 26 value of 32.74°, 38.57°, 44.17°,
65.07°, and 78.02° which can correspond to (100), (111), (200), (220) and (311) lattice planes, respectively. This Face
Cubic Centered (fcc) crystalline nature of nanoparticles is comparable with the reference pattern of Joint Committee
on Powder Diffraction Standards (JCPDS) Card No. 04-0783 as shown in Figure 2.

1000
=1
900 e
-
=
-~ 00
=
E 600 =
)
. = o —_
g | o =
-
<= 400 | [ 'L' 0
5 1 | | ‘II = —_
| | ~ i =
300 | ( I\ ' o | 5
b 1 A i o,
200 LS B WO \M_J "'\‘_' f \
‘\-—-m‘ﬁk‘_‘_’r A ! - !‘:\
100 |
a | |
0 30 a0 50 o0 o 50
20 (degrees)

Figure 2 X-ray Diffraction for silver nanoparticles synthesized by using phycocyanin pigment
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The mean crystallite size (L) of the material has been evaluated by Debye-Scherrer’s formula (L=K A/ cos 0) [34,35].
The XRD pattern thus clearly shows broadening of peaks, revealing the synthesis of crystalline Ag-CNPs by the
reduction of Ag" ions by phycocyanin within the nanometer range i.e., about 13.4 nm. An unassigned peak (marked
with stars) was also observed suggesting that the crystallization of the bio-organic phase occurs on the surface of the
silver nanoparticles. Similar results in silver nanoparticles synthesized using edible mushroom extract and also this
similar result was reported by using geranium leaves [28,36]. Likewise, Xie also has found biosynthesis of AgNPs via
extracts of Chlorella vulgaris hydroxyl and carboxyl groups are involved. XRD analysis of Ag-CNPs confirmed the
presence of silver nanoparticles in crystalline shape and is confirmed by a peak at 111 (Figure 2) [37].

TEM, EDX, and Zeta Sizer Analysis

Transmission Electron Microscopy (TEM) was used to determine the particle size and morphology of the
biosynthesized Ag-CNPs. TEM produces high-resolution, 2-Dimensional (2D) images by emission of energetic
electrons on the samples. The TEM images confirmed the synthesis of spherical Ag-CNPs, a small width-to-length
ratio with a 4 nm to 20.9 nm diameter range. The average size of spherical particles was 12.6 nm which also aggregates
and forms clusters. This is also close to 13.4 nm, the crystalline size of Ag-CNPs, as estimated by Debye-Scherrer’s
formula. Furthermore, the inset of Figure 3 and Figure 4 shows Selected Area Electron Diffraction (SAED) patterns
of crystalline and face-centred cubic structures, which is again in good agreement with the results obtained from XRD
analysis. The formation of pits in the cell wall of E. coli was observed via TEM, finally affecting its cell integrity and
causing apoptosis of the cell [38,39].

Figure 3 TEM micrograph showing the formation of Ag nanoparticles; TEM images and size distribution histogram of
biosynthesized Ag NPs in which the scale bar represents at (a) 0.5 pm (b) 50 nm (c¢) 100 nm and (d) SAED pattern
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Figure 4 Particle size histogram analysis of AgNPs

The elemental composition of Ag-CNPs was examined by Energy Dispersive X-Ray Analysis (EDX). A spectrum of
the energy versus relative counts of the detected x-rays is recorded and shown in Figure 5. EDX spectra proved the
green synthesis of Ag-CNPs by phycocyanin, extracted from cyanobacterial cells and treated with AgNO, solution
(Figure 5). In the middle part of the spectrum, the strongest characteristic maxima peaks of the Ag region can be
observed in between 3 keV and 4 keV, due to surface plasmon resonance. This is by many researchers [40]. Additionally,
carbon (C) and copper (Cu) elements peaks were also observed which ought to have come from carbon-coated copper
grids for sample preparation. Weaker signals from CI, O, P, Na, and Ca atoms confirm that synthesized Ag-CNPs
were exclusively composed of silver. Zeta sizer analyses were also performed to determine surface zeta potential
distribution and Polydispersity Index (PDI) of biosynthesized Ag-CNPs. Results showed Ag-CNPs biosynthesized
from marine cyanobacteria have a negative zeta potential of -14.2 + 3.17 mV with a conductivity of 0.310 mS/cm. It
indicates moderate stability of NPs as particles with zeta potentials more positive than +30 mV or more negative than
-30 mV are normally considered stable [41]. Moderate stable NPs with lower zeta potential are more benign from
an environmental viewpoint because the existence of nanoparticles is shorter which indirectly minimizes the toxic
effects of Ag-CNPs after utilization. Some researchers have also found that a negative zeta potential value of -13.1 mV
indicated the stability and good dispersion of AgNPs [42]. The stability of Ag-CNPs was observed for up to 1 month
at room temperature. No considerable changes in zeta potential were observed within the period studied. Sukhwal,
et al. also found similar results with silver nanoparticles (AgNPs) synthesized using aqueous leaf extracts of Tagetes
patula L. They showed that the zeta potential of AgNPs carries a charge of -14.2 mV up to 1 year and was stable at
room temperature [43].
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Figure 5 EDX spectrum recorded showing peak confirming the presence of silver nanoparticles synthesized from
phycocyanin pigment
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Polydispersity index for Ag-CNP was calculated as 0.81, indicating the heterogeneity of synthesized nanoparticle
populations which can significantly influence the biodistribution and targeting efficiency of Ag-CNPs.

Fourier Transformed Infra-Red (FTIR) Spectroscopy Analysis

The bioorganic compounds bound on the surface of Ag-CNPs were determined by the FTIR spectrum (Figure 6). It
helps to distinguish possible molecules responsible for the bio-reduction of Ag* ions and capping of the bio-reduced
Ag-CNPs by the phycocyanin extract. The FTIR spectrum of Ag-CNPs resulted in a peak extension from 3474/cm
to 599/cm. It was observed that Ag-CNPs depicted functional groups at different wave numbers such as (3474, 3303,
1678, 1400, 1193, 1103, 984, 862, 768, and 599)/cm. The band at 3474/cm could be assigned to the N-H bond stretch
found in aromatic amines, primary amines, and amides [44]. Subsequently, band at 3303/cm attributes to -NH bond
found in protein and polysaccharide, O-H in oximes, and =CH-H stretch in acetylene [30]. The peak at 1678/cm is
assigned to the presence of the C-N stretching vibration of aromatic amines [45]. In addition, the presence of bands at
1103/cm was assigned to C=S stretching in thiocarbonyl compounds. It showed a peak in the range of 984/cm relating
to the C-N stretching vibration of primary amines, referring to the possible involvement of primary amines during
nanoparticle synthesis [46]. The peak at 599 corresponds to -C-C-CN nitrites and C-C=0 ketones. These functional
groups may be responsible for capping and efficient stabilization of synthesized nanoparticles. Thus, the FTIR graph
supports the presence of a specific type of protein on the surface of extracted phycocyanin, acts as capping agents, and
is strongly involved in the reduction of silver ions during production which also prevents the reduced silver particles
agglomeration.
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Figure 6 FTIR spectrum recorded by making KBr disc with synthesized silver nanoparticles by using phycocyanin
pigment

Earlier reports are also in line with this study confirming the presence of carboxylic, amine, phosphate, and hydroxyl
functional groups in the algal extract of Sargassum polycystin and are involved in the reduction of silver ions.
Reports suggested that the stability of the AgNPs may be due to the presence of a protein that acts as a capping agent
encapping and encapsulating the nanoparticles and forms a layer that prevents the nanoparticles from agglomeration
[47]. Shaligram has shown that free amine groups of proteins can bind to AgNPs which is compatible with our studies
[48]. FTIR measurements are widely employed for the precise identification of the possible functional groups for the
stabilization of AgNPs [49]. FTIR spectrum is based on the surface chemistry of biosynthesized metal nanoparticles
and implies an easy fact that material has unique characteristic absorptions in the IR spectrum. With the absorption of
infrared rays, some vibrations of molecules can be recorded depending on their wavelength. These studies confirmed
the identity of amino acids, carbonyl groups, and some synthesized proteins which act as stabilizing agents for the
capping of AgNPs to prevent agglomeration of bio-green molecules in the reaction media [50].
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Phycocyanin Synthesized Ag-CNPs Inhibit Bacterial Pathogens

Phycocyanin synthesized Ag-CNPs unveiled a wide range of inhibition spectrum activity against clinical pathogenic
bacterial strains such as Campylobacter spp., Shigella sp., Salmonella typhi, Bacillus subtilis, and Klebsiella sp. The
zone of bacterial inhibition is depicted in Figure 7 which demonstrates the potential of Ag-CNPs as clinical bactericidal
applications. At 100 pg/mL Ag-CNPs concentration, nanoparticles showed the highest inhibition against Klebsiella
(13.5 mm) and B. subtilis (13.3 mm) strains whereas the lowest zone of inhibition was observed against Shigella (8.0
mm). In addition, biosynthesized Ag-CNPs showed moderate inhibition against Campylobacter. However, the exact
mechanism by which the Ag-CNPs exert their antibacterial effect remains to be elucidated. Based on these studies,
Ag-CNPs may lead to important applications in different fields such as medicinal and antimicrobial agents. It is
well recognized that silver and silver compounds are highly lethal to microbes [51]. To evaluate the broad-spectrum
antimicrobial efficiency of the synthesized Ag-CNPs, an antibiotic susceptibility test was done on five bacteria. The
synthesized Ag-CNPs are more efficient than the extract for inhibition of the growth of all pathogens (Gram-positive
and Gram-negative). The effectiveness of the silver nanoparticle for bactericidal properties was not identical; it
depends on the different pathogens [52]. Klebsiella and Bacillus subtilis are the most susceptible at 100 pg/mL Ag-
CNPs and produce larger inhibition zones while Shigella is least with 25 ug/mL concentration of Ag-CNPs. Numerous
research studies have been done to identify the antibacterial efficiency of biosynthesized AgNPs. Mechanisms of the
bactericidal effects of AgNPs are still not known. Spirulina platensis mediated stable silver nanoparticles have been
shown to have an inhibition zone of 1 nm-4 mm against Staphylococcus sp. and Klebsiella sp. [48]. Our results were
in good agreement with that the increasing concentration of Ag-CNPs effectively reduced the bacterial density [53-
55]. Research studies have indicated that silver metal nanoparticles smaller size inhibits bacterial growth which is by
our results [52,56]. Reports by Singh suggest that the smaller size and crystalline structure of AgNPs have profound
antimicrobial potential [57]. Entry into the bacteria is achieved via the negatively charged cell membrane bound by
electrostatic forces of attraction. MNP after penetration leads to the disruption of its power functions like respiration
and membrane depolarization thereby causing the production of reactive oxygen species and hence taking over the
cellular machinery [58]. The size of the AgNPs plays an essential role in the determination of the bactericidal activity
due to their penetration ability into the eukaryotic cells via active or passive uptake means. AgNPs are so small in size
that they make their way into the bacterial cell and cause additional damage, affecting the intracellular processes at
DNA, RNA levels via interacting with sulfur and phosphorus in DNA. The bactericidal property of AgNPs is largely
dependent on the interaction surface. The smaller size AgNPs have a large surface area and provide more bactericidal
activity than large size nanoparticles (Table 1) [59].

Figure 7 Antibacterial activities of silver nanoparticles by using phycocyanin pigment against bacterial species.
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Table 1 Antibacterial activity of Ag-CNPs against pathogenic bacteria

Size of Inhibition
S.No. | Name of the strains | 25 yo/mL Ag-CNPs = 50 pg/mL Ag-CNPs = 100 pg/mL Ag-CNPs = Control Ag-CNPs

(mm) (mm) (mm) (mm)
1 Campylobacter sp. 9.0+ 0.01 10.1£0.01 12.3+£0.01 10+1.3
2 Shigella sp. 8.1+0.01 8.2+0.01 10.3£0.01 9+1.2
3 Salmonella typhi 8.2+0.01 9.5+ 0.021 11.2+0.01 82+2.1
4 Bacillus subtilis 9.2+0.01 10.2£0.01 13.3£0.01 8+£09
5 pféi’;;flgge 8.5+0.01 9.2+0.01 13.5+0.01 8.6+1.7

+ Values indicate the Standard Deviation (mean, n=3), mm: millimeter; C: Control

Ag-CNPs Exert Anti-Proliferative Effect on MDA-MB-231 Cancer Cells

The cytotoxic effect of nanoparticles on the MDA-MB-231 cell line is illustrated in Figure 8. The cell viability and

inhibition percentage of cell lines (replicates) were given in Table 2. Results revealed that synthesized Ag-CNPs were

more cytotoxic when incubated for 72 hrs. For instance, at 1 ng/mL concentration, AgNPs showed a 16.85% growth

inhibition in MDA-MB-231 cells; moreover, upon increasing the concentration of nanoparticles to 50 pg/mL, the

growth was arrested (67%) with a potent cytotoxicity (IC, ) value of 46.47 ug/mL after 24 h. Likewise IC,; values

for 48 hrs and 72 hrs were 5.84 pg/mL and 0.69 pg/mL. The proliferation rate was declined gradually with higher

concentrations of (1-50 pg/mL) AgNPs and the viability of MDA-MB-231 cells gradually reduced from 80.15 +

0.34%1t029.12 £ 0.11% , 41.42 £ 0.21% to 18.12 = 0.28% and 25.12 + 0.21% to 5.5 + 0.12%, respectively, after 24,
48 and 72 hrs of incubation.

20

w2ih wddh aw72h

Cell Viability (%)

o 1 3 5 10 % &0
Extracts Concentration pg.mL*
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Cell Viabllity (%)
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(b)
Figure 8 The mean percentage of cell viability of three replicates and standard deviation of MTT assay test values of

MDA-MB-231 cell line after treatment for 24 hrs, 48 hrs, and 72 hrs with different concentrations of (a) phycocyanin
extract and (b) biosynthesized AgNPs
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Table 2 IC, values of phycocyanin extract and PC @ Ag-CNPs against MDA-MBA-231 cell line

Time (hrs) Extract (ug/ml) Ag-CNPs (ng/ml) DOX (pg/ml)
24 102.88 46.47 3.18
48 38.9 5.84 0.39
72 1.13 0.69 0.45

Data of ANOVA analysis revealed that all the values were significantly different, respectively. Research studies of
inhibitory concentration (IC,)) for AgNPs against the breast cancer MCF-7 cell lines were found to be 27.79 +2.3 pg/
mL [60]. The IC, value of C-phycocyanin extract was 229.0 pg/mL with treatment for 24 h, while the IC, value was
189.4 pg/mL after 48 h treatment [61]. Franco-Molina research reports that colloidal silver induced a dose-dependent
cytotoxic effect on MDA-MB-231 breast cancer cells [29]. Silver nanoparticles synthesized using Acalyphaindica Linn
aqueous extract exhibit 40% cytotoxicity of human breast cancer cells (MDA-MB-231) [46]. In the same context, Ag-
CNPs formed by Taxus baccata aqueous extract showed effective anticancer potential against MCF-7 cells (IC,=0.25
pg/mL) using MTT assay [32]. Viability tests are used to evaluate cytotoxicity that poses responses at the cellular
level to toxic chemicals, which illustrate the importance of cell death, existence, and metabolic activity. There was a
significant cytotoxic effect in a dose and time-dependent manner with a reduced survival rate. The cytotoxic effect
induced by Ag-CNPs at minute concentrations determines its therapeutic potential in bringing about cell death. It was
also anticipated that Ag-CNPs also increase ROS (Reactive Oxygen Species) causing oxidative stress harming vital
enzymes and DNA resulting in DNA strand breaks and necrosis at higher concentrations [33]. In this present study,
the anticancer potency of silver nanoparticles has shown dose-time-dependent cytotoxicity on MDA-MB-231 cells.
The concentration of nanoparticles plays an essential role in drug effectiveness. In today’s era, nano-medicine is a
potential field that can lead to betterment in cancer therapy via early identification and proper distortion. Algal-derived
nanoparticles play an important role in cancer cell lines [62-64]. Likewise, Ag-CNPs from Allium autumnale and
Acalyphaindica leaf extracts have better cytotoxicity with MDA-MB 231 cell lines [31,65]. Studies on the mushroom
synthesized silver nanoparticles have shown considerable cytotoxicity against MDA-MB-231 cell lines at somewhat
low concentrations (6 pg/mL) [66]. Based on these studies, it is here speculated that the cytotoxicity of nanoparticles
relies much on the nature of cell types and size of particles. Many researchers have also drawn similar conclusions.

From the above study, it is evident that Ag-CNPs can be deployed as a potent anticancer agent in the future. Yet, before
being given clinical applications, studies on animal models are mandatory to reveal the in vivo toxicity of Ag-CNPs.

Reactive Oxygen Species

The oxidative stress created in prokaryotic cells is known to play an important role in nanoparticles mediated
cytotoxicity. The production of ROS intermediates during metal NPs interaction with bacterial cells causes oxidative
stress, distortion of proteins and nucleic acids. The Ag-CNPs could then alter the functions of essential biomolecules
like lipids, DNA, proteins, respiratory enzymes thereby causing oxidative stress hence liberating ROS and damage
of nucleic acids and proteins, ultimately leading to the death of the bacterial cell [67,68]. The intracellular ROS
generation in MDA-MB-231 cells was evaluated by DCFH-DA fluorescence staining. DCFH-DA dye is non-
fluorescent but when internalized by cells in presence of ROS, the dye gets oxidized which emits green fluorescence
due to DCFH [69]. Likewise, pronounced fluorescence means more ROS presence in the cells. This assay keeps
a check for the intracellular generation of free radicals like hydroxyl, hydrogen peroxide, and peroxyl radicals so
indirectly a measure for stress management. Figure 9 shows that concentrations of 19.45 ng/mL and 38.9 ng/mL could
trigger the production of ROS. It can be seen that fluorescence intensity was increased with increasing concentration
of Ag-CNPs and the incubation time which indicated concentration-dependent ROS activation leading to apoptosis
of cells. The results of the quantitative estimation of ROS showed that 19.45 pg/mL of Ag-CNPs induced a 160.25%
increment in ROS production when compared to untreated (control) cells. Moreover, ROS production was increased
by 195.39% (p<0.001) at 38.9 ug/mL of Ag-CNPs compared to untreated (control) cells.

12



Kaur, et al. Int J Med Res Health Sci 2021, 10(10): 1-17

Fluorescence Concentration of Ag-CNPs (ug.ml?)
intensity (in Control 19.45 389
%e)

24 hrs a) 0.312 b) 0.5 c) 0.891

48 hrs d) 0456 g) 0.751

Figure 9 ROS generation in MDA-MB-231 cell line using silver nanoparticles under various experimental conditions as
seen under a fluorescent microscope using DCFDA; a): Control cells for 24 hours; b): Cells treated for 24 hours with
19.45 pg/ml of Ag-CNPs; c): Cells treated for 24 hours with 38.9 pg/ml of Ag-CNPs; d): Control cells for 48 hours; e):

Cells treated for 48 hours with 19.45 pg/ml of Ag-CNPs; f): Cells treated for 48 hours with 38.9 ng/ml of Ag-CNPs

CONCLUSION

In the present study, blue pigment phycocyanin, extracted from a marine cyanobacterial source was shown to be
capable to biosynthesize Ag-CNPs. Biosynthesized nanoparticles appear to be an FCC crystalline pattern and spherical
with a particle size of (4-20) nm. Ag-CNPs also have antibacterial activity against clinical bacterial pathogens. The
highest zone of inhibition was achieved against Klebsiella (13.5 mm) and B. subtilis (13.3 mm) strains at 100 ug Ag-
CNPs/mL concentrations. The cytotoxicity analysis of Ag-CNPs was also tested on MDA-MB-231 cancer cell lines.
Results revealed that the proliferation rate of cancer cells declined gradually with higher (150 pg/mL-50 pg/mL) Ag-
CNPs concentrations. Furthermore, the viability of MDA-MB-231 cells was also significantly reduced from 80.15%
to 29.12%, 41.42% to 18.12%, and 25.12% to 5.5 %, respectively, after 24 hrs, 48 hrs, and 72 hrs. of incubation.
Results were verified by quantitative estimation of reactive oxygen species which shows a 195.39% increase in ROS
production with 38.9 ug/mL of Ag-CNPs, compared to control. It would be desirable to develop a green synthesis
approach in which the small size and spherical shape of Ag-CNPs could be obtained by the use of cyanobacteria.
Further research is needed to identify the mechanism of nanoparticle formation and compounds responsible for
antibacterial and cytotoxic effects.
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