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Abstract The therapeutic efficacy of universal drug-delivery
systems depends on their capability to escape the immune
system by overcoming the biological barriers of the body
and concentrate at target tissues to eradicate only diseased
cells. Biologically synthesized nanoparticle systems possess
almost all of these qualities and utilize their targeting ability
through cellular membrane interactions and making the
targeting system biocompatible. In the present study,
microalgae-mediated silver nanoparticles (AgNPs) targeted
bacterial, fungal, cancerous and viral infected cells without
harming normal cells. These AgNPs provide a comparative
study on broader range of size and shape, synthesized by
ethanolic extract of three different freshwater microalgae spe-
cies, Dictyosphaerium sp. strain HM1 (DHM1),
Dictyosphaerium sp. strain HM2 (DHM2) and
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Pectinodesmus sp. strain HM3 (PHM3). Characterization of
AgNPs was done by XRD, SEM, TEM, EDS, FTIR and UV-
Vis spectrophotometry. Significant activity against 14 bacteri-
al strains, the fungal strain Candida albicans, hepatocellular
carcinoma (HepG2) and breast cancer (MCF7) cell lines, and
Newecastle Disease Virus (NDV) on Huh7-infected cells sug-
gest the potential use of microalgae extract prepared nanopar-
ticles in biomedicine, pharmaceutics and drug delivery.
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Introduction

Biological methods using plants, algae, fungi and bacteria
for synthesis of metallic nanoparticles have potential to
alter the landscape of biomedicine (Gurunathan et al.
2009; Jena et al. 2013; Nayak et al. 2011). They provide
size- and shape-dependent properties for nanoparticle
(NP) synthesis in a sustainable aseptic environment
(Duran et al. 2010). Amongst these biological systems,
algae synthesize a range of nutraceuticals such as lipids,
minerals, vitamins, polysaccharides and proteins (El Baky
and El-Baroty 2013; Joana Gil-Chavez et al. 2013). These
algal bioactive compounds show remarkable medicinal
activities with potential to be used to cure cancer, inflam-
mation, oxidative stress and other degenerative diseases
(Nishino et al. 1999; Mohamed et al. 2012). The presence
of capping and reducing agents in algal extracts (hydrox-
yl, carboxyl and amino functional groups) ensures coating
of metallic nanoparticles for functional superstructures
(Namvar et al. 2012; Mahdavi et al. 2013). Amongst the
metallic NPs, silver nanoparticles (AgNPs) are used
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extensively in catalysis, biomedical applications, electron-
ics and sensors (Abbasi et al. 2016; Ihsan et al. 2015). As
a therapeutic, AgNPs have shown antimicrobial, antifun-
gal, anticancer, antiviral, anti-inflammatory, anti-
angiogenesis and antiplatelet activities (Namasivayam
et al. 2015). Various nano-Ag products, comprising con-
traceptive devices, surgical instruments, implants, AgNP-
coated wound dressings detergents, wall paints and textile
industry cloth manufacturing chemicals are commercially
available (Gottesman et al. 2010; Feng et al. 2011;
Martinez-Gutierrez et al. 2012; You et al. 2012).

A number of algae species from the Chlorophyta (e.g.,
Pithophora oedogonia, Caulerpa racemosa, Chlorella
vulgaris), Phaeophyta (e.g., Sargassum wightii, Padina
tetrastromatica, Turbinaria ornata ) and Rhodophyta (e.g.,
Gracilaria edulis) extracts have been used to synthesize
AgNPs (Patel et al. 2015; Satapathy et al. 2015; Sunitha
et al. 2015; Sharma et al. 2016). Biologically synthesized
AgNPs in above mentioned algae species were therapeutically
tested, especially for antibacterial activity. Other therapeutic
activities are still underexplored, whereas these studies pro-
vided evidence that algae-mediated AgNPs can be used for
controlled and targeted drug delivery. Previously studied
microalgae-mediated nano-products strictly followed similar
activity pattern for only bacteria with very narrow size and
shape range, usually below 20 nm (Patel et al. 2015). The
toxic activity of biologically synthesized AgNPs is little re-
ported for fungal cells and/or viral cells (Mukherjee et al.
2001).

In the present study, three different freshwater microalgae
strains were used to synthesize AgNPs using their ethanolic
extracts and the ability of these nanoparticles to inhibit bacte-
rial, fungal and viral infections as well as cancer cells was
verified. Infectious diseases during treatment in hospitals are
reported frequently and not only increase cost and duration of
hospitalization but also patient morbidity (Mermel et al.
2009). Fungemia and bacteremia are the two most commonly
observed infectious diseases during clinical treatments.
Fungemia tends to occur in both critical and non-critical ill
patients with highest rate of morbidity and/or mortality.
Candida albicans is one of the major species that are respon-
sible for clinically induced fungemia (Marcos-Zambrano et al.
2014). Patients with bloodstream infections, caused by
antibiotic-resistant bacteria of mutant type
Enterobacteriaceae, Pseudomonas aeruginosa and
Acinetobacter species are an issue leading to extended hospi-
talization and/or death due to inadequate treatment and cure of
these resilient microorganisms. Besides finding treatment for
bacteremia and fungemia, finding anticancer drugs target only
tumour cells without excessive toxicity has remained a chal-
lenge for decades. These concerns led us to study extracts of
microalgae conjugated with metallic NPs to counter these dis-
eases as an alternative for chemically synthesized drugs.
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Material and methods
Identification of microalgae strains and media

Fresh water photosynthetic microalgae samples were collect-
ed from KallarKahar Lake located at KallarKahar Tehsil
(District Chakwal, Punjab, Pakistan). Strains were cultivated
in bold basal media (BBM) (Stein 1979) supplied by Phyto
Technology Laboratories, Australia. Streaking of fresh water
microalgae samples was performed on agar slants and plates
to isolate different species from sampled consortium of col-
lected microalgae. Single colonies were picked and
subcultured in liquid BBM. Flasks with microalgal inoculum
were illuminated with a white fluorescent lamp at 100 pmol
photons m s~ with a 24-h light cycle. Aeration was provid-
ed by aquarium air pumps and culture temperature was main-
tained at 26-28 °C. Every 14 days, microalgae were harvested
and dried for further experiments.

Molecular identification based on sequencing of internal
transcribed spacer regions

DNA extraction of microalgae was by the CTAB method
(Rogers and Bendich 1994), with some modifications.
Microalgae (0.5 g) was ground in a mortar and pestle
using liquid nitrogen and 1 pL of polyvinyl pyrrolidone
(Haaf et al. 1985). DNA was purified using ethanol pre-
cipitation and quantified on a Nanodrop spectrophotome-
ter (Thermo Scientific, UK). Amplification of internal
transcribed spacer (ITS) regions and DNA sequencing of
the amplicons were performed by Macrogen Inc. Seoul,
South Korea (www.dna.macrogen.com). The strains were
identified by analysing ITS sequences on the NCBI server
using BLAST search. The sequence data of closely related
strains used for construction of phylogenetic tree were
retrieved from the NCBI database. The alignment and
editing was performed using CLUSTAL X (1.8 msw)
(Thompson et al. 1997) and BioEdit (Hall 1999) software
packages. Ambiguous positions and gaps were excluded
during calculations. The phylogenetic trees were con-
structed by neighbour joining methods using MEGA
(Version 6.1) software (Tamura et al. 2013). The stability
of the relationship was assessed with bootstrap analysis
(Felsenstein 1985), by performing 1000 resampling for
the tree topology. Later sequences of all the stains were
submitted to DNA Data Bank of Japan (DDBJ).

Preparation of ethanolic microalgae extract

Microalgae were harvested and dried for 3 days at ambient
temperature (2628 °C). Dried microalgae were crushed into
powder. Dried powder (1 g) was extracted with 100 mL of
HPLC grade ethanol. The microalgae solutions were placed
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on a hotplate (VELP Scientific, Italy) for maceration at 78 °C
with a magnetic stirrer for 20 min. The solutions were then
allowed to cool at room temperature and filtered through
0.2-um pore size filter and stored at 4 °C.

Biological synthesis of silver nanoparticles

A 5 mM aqueous solution of silver nitrate (AgNO;) (Riedel de
Haen, Germany) was prepared and added to ethanolic extracts
of microalgae in a ratio of 5:1. The AgNO; solution and algal
extracts were incubated at 37 °C. The ethanolic extract of
algae acted as reducing and capping agent for Ag ions in
AgNO; solution.

Surface plasmon resonance spectroscopy (UV-Vis)

Preliminary confirmation of synthesis was the colour
change from dark green to brownish yellow after over-
night incubation. Synthesized AgNPs were confirmed by
observing their kinetic behaviour via UV-visible spectros-
copy on a UVD-2950 spectrophotometer. Scanning range
of samples was between 300 and 700 nm with a sampling
interval of 1 nm. UV-Vis spectra for ethanolic extracts and
diluted aliquots of AgNPs were analysed for reducing
activity of Ag ions. Absorbance peaks with matching
wavelength was observed as a consequence of reduction
of metal ions to nanoparticles.

Determination of concentration of the silver nanoparticles

Calculations for determination of AgNP concentration were
carried out using the mathematical model of Liu et al. (2007).
Firstly, the average number of atoms per nanoparticle was
determined using Eq. 1 and later molar concentration was
determined using Eq. 2.

3
wpD
N =
oM

Ny (1)

where N is number of Ag atoms per nanoparticle, p is density
of Ag, D is average size of nanoparticles, M is the Ag atomic
weight and N, is the number of atoms per mole:

Nr
C =
NVN,

(2)

C is the molar concentration of nanoparticle solution, N7 is
the total number of Ag atoms added in AgNOs3, N is number of
atoms per nanoparticle calculated from Eq. 1 and Vis volume
of reaction solution (per batch), and N, is the number of nano-
particles per mole.

Purification of synthesized silver nanoparticles

Synthesized AgNPs were purified by two methods. Primarily,
nanoparticles were centrifuged at 1792xg for 60 min; the clear
supernatant was discarded and the particles were washed three
times with deionized water. After centrifugation, the concen-
trated solution of AgNPs was purified by dialysis with deion-
ized water. A 3-day protocol was followed for AgNPs by
changing water and washing membrane every 24 h. The con-
centrated solutions of AgNPs were lyophilized, to obtain a dry
powder of AgNPs. The procedure yielded 2-3 g per 500 mL
solution.

Scanning electron and transmission election microscopies

SEM was performed using analytical low vacuum scan-
ning electron microscope (JEOL, JSM-6490LA, Japan) at
20 kV. A 10-uL aliquot of AgNPs was suspended in 1 mL
of deionized water. Diluted colloidal solutions of AgNPs
were sonicated in a glass beaker for 1 h. One drop from
each beaker was placed on a 1-cm” glass slide and dried
under a UV-lamp. The samples were sputter coated with
gold before SEM examination.

The size and shape of the synthesized AgNPs were deter-
mined by TEM. The TEM images of synthesized AgNPs were
obtained using a JEOL (Model JEM-1010, Japan) TEM. Prior
to analysis, AgNPs were sonicated for 5 min, and a drop of
appropriately diluted sample was placed onto a carbon-coated
copper grid. The liquid fraction was allowed to evaporate at
room temperature.

Fourier transform infrared spectroscopy

FTIR of the sample was performed on Perkin-Elmer
Spectrum-100 FTIR. Scanning range for samples was set
in region 450-4000 cm ' with a resolution of 1 cm .
Potassium bromide (KBr) pellet, AgNPs and ethanolic
extract were made using hydraulic press with 1 pg of
respective powder and KBr. Essential FTIR (eFTIR;
v3.10.041) software was used to confirm peaks followed

by results description.

X-ray diffraction

The XRD pattern was recorded with a STOE Theta-Theta
X-ray diffractometer Germany, furnished with copper K
alpha radiation source, operating voltage of 40 kV and
functional current of 40 mA. Samples were prepared on
1-cm? slides by suspending lyophilized powder in 0.5 mL
of deionized water.

@ Springer



1854

J Appl Phycol (2017) 29:1851-1863

Energy dispersive X-ray spectroscopy

Presence of different phases in sample was revealed by EDS
attached to SEM. Accelerating voltage of machine was
sustained at 20 kV with probe current of 1 mA. PHA mode
T; with real time of 56.03 s and live time of 50 s for analyser.
Counting rate was 2785 for AgNPs and energy range was 0—
20 keV. Samples were mounted in the form of dried lyophi-
lized powder on a slide of 1 cm?, sputter coated with gold prior
mounting.

Evaluation of antibacterial and antifungal activity
and disc diffusion assay

Mueller Hington Agar (MHA) cultures of test microorganisms
using standardized inocula of bacterial and fungal strains
(Ishtiaq et al. 2013) at a cell density of 1 x 10% cells mL™".
Disc diffusion assay was performed for analysing bactericidal
activity (Karcioglu et al. 2011). The strains were streaked on
agar plates and 6-mm discs impregnated with AgNPs (10 pL)
were used. Positive controls of standard antibiotics cefepime
(FEP) 100 pg mL™", tigecycline (TGC) 100 ug mL™' and
negative control of simple solvent-permeated discs were used.
In addition, ethanolic extracts of the respective microalgae
were also checked against bacterial strains. The plates were
incubated at 37 °C for 24 h and zones of inhibition were
measured.

Cytotoxicity of silver nanoparticles

Human hepatocellular carcinoma (hepG2), breast cancer
(MCF7) and Huh7 cell lines were provided by the Institute
of Biotechnology and Genetic Engineering (IBGE),
Islamabad, Pakistan. Cell lines were maintained in RPMI me-
dia (Freshney 2005) with 10% foetal bovine serum (FBS) and
1% antibiotic-antimycotic solution. Cells were grown at 37 °C
and 5% CO, in CO, incubator (SL Shell Lab, Germany) and
seeded onto the plates after sustaining density of 1 x 10° cells
(100 uL) " in a single well.

Five different concentrations of AgNPs were prepared by
dissolving 10-50 pg of lyophilized AgNPs per 1 mL of
autoclaved distilled water. Appropriate amount of each con-
centration was added to culture cells followed by incubation
of'plates at 37 °C for 24 h in CO, incubator. A column of wells
with non-treated cells were taken as control and time activity
was observed. Human corneal epithelial cells (HCECs) were
used for evaluation of biocompatibility of AgNPs. After 24 h
of incubation, cells with AgNPs 10 uL MTT (3-(4,5-dimeth-
ylthiazol-2-y1)-2,5-diphenyltetrazolium bromide, a tetrazole)
were added and incubated at 37 °C for another 24 h.
Absorbance at 550 nm was measured on a microplate
ELIZA plate reader (Platoz R 496, Egypt). The data obtained
was standardized by determining the absorbance, and a plot
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for dose-response curve was plotted for ICs( value assessment
as follows:

Cell viability in% = (Mean ODss/control ODsso) x 100 (3)
Yinhibition = 100 — Cell viability in % 4)

where OD is the optical density value obtained from the
spectrophotometer. DNA of AgNP-treated cell lines was
extracted using phenol/chloroform method (Chomeczynski
and Sacchi 1987) with some modifications. The extracted
DNA was visualized on a 1.5% agarose gel by gel elec-
trophoresis and quantified using a Nanodrop
spectrophotometer.

Antiviral assay and antiviral activity of silver
nanoparticles

Newcastle disease virus (NDV) was from the
Mukhteshwar strain (supplied by Punjab Poultry
Institute, Rawalpindi, Pakistan) and inoculated in 8-day-
old embryonated eggs. The eggs were incubated at 37 °C
for 24 h and amniotic fluid was taken as virus titre.
Hemagglutination (HA) test was performed on 96-well
plates with 50 puL of PBS, 50 uL virus titre and 50 pL
of 5% chicken blood (washed with PBS) at 37 °C for
about 30 min. Non-agglutinated red blood cells at the
base of control wells were indication of completion of
test. Wells with virus showed agglutination and remained
suspended and appeared as pinkish red solution; however,
wells without virus formed a clump and appeared as but-
ton at the end of round-bottom wells.

TCIDs value was calculated using the method of Pizzi
(1950) with some modifications. Huh7 cells were plated on
96-well plates and left for 24 h in incubator at 37 °C provided
with 5% CO,. After 24 h, the medium was removed and
50 uL of virus dissolved in PBS with different concentrations
(107! up to 10”7) was added. Plates were incubated for 2 h
followed by medium replacement by RPMI with 2% FBS.
The plate was incubated and observed every day under
inverted microscope for plaque formation. At day 3, NDV
showed plaque formation. TCIDs, dose for antiviral activity
was calculated by taking readings of wells containing infected
cells with virus.

Huh7 cells (100 uL) were plated in each well of 96-well
plate, infected by 50 uL of virus and incubated for 2 h. The
medium was removed and replaced with RPMI and 2% FBS.
Further proceedings included addition of AgNPs of different
concentration and incubation at 37 °C in a CO, incubator. The
plate was observed after every 24 h until control cells showed
viral growth. MTT was added and plates were incubated for
further 4 h. Reading in an ELIZA plate reader was taken after
addition of solubilization solution.
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Results
Identification of microalgae

PCR amplification of ITS region and sequence analysis using
BLAST search revealed that two strains of microalgae
belonged to the genus, Dictyosphaerium, while a third strain
was closely related to the genus, Pectinodesmus. The results
of phylogenetic analysis showed that strains DHM1 and
DHM2 clustered with three undefined strains of
Dictyosphaerium (Fig. 1a), having sequence similarities of
97.9 and 95.6%, respectively. The cluster comprising of these
two strains together with three undefined closely related
strains of Dictyosphaerium form a separate clade, which is
distant to other clusters of known species. The results suggest
that this clade comprising of our strains DHM1 (LC159305)
and DHM2 (LC159306) together with three undefined strains
could be a new species in the genus Dictyosphaerium.
However, further taxonomic studies will be needed to delin-
eate a new species, which is beyond the scope of this manu-
script. The sequence analysis showed that the strain PHM3
(LC159307) has 99.3% sequence similarity with
Pectinodesmus pectinatus (HG514429) and clusters with it
at high bootstrap value (82%) (Fig. 1b).

Confirmation and characterization
of microalgae-mediated silver nanoparticles

Synthesized AgNPs were confirmed and characterized using
UV-Vis, SEM, TEM, FTIR, XRD and EDS to investigate their
chemical and physical properties.

Surface plasmon resonance by using UV-Vis spectropho-
tometry The intense yellowish brown colour was observed
for AgNPs and mainly due to surface plasmon resonance
(SPR). The size of AgNPs plays a vital role in SPR’s red or
blue shift. Smaller or quantum size AgNPs tend to possess UV
peaks around 400 nm while average to larger sizes increase
the SPR wavelength (Asharani et al. 2008). In this study, Ag
ions of AgNO; solution were reduced to AgNPs by shifting
with the wavelength of the reaction mixture shifting from dark
green to a persistent yellowish brown, when left overnight at
37 °C and pH 7.5. The Ag SPR band for DHM1-AgNPs
appeared at 419 nm, while absorption band for DHM2-
AgNPs was at 421 nm, and PHM3-AgNPs showed peak at
418 nm (Fig. Sla, b, c).

Scanning electron microscopy SEM showed that the average
size (d,,) for DHM1-AgNPs was 22.5 nm, 47.5 nm for
DHM2-AgNPs and 57.5 nm for PHM3-AgNPs (Fig. S2a, b,
c). DHM1-AgNPs and DHM2-AgNPs appeared relatively
uniform and spherical, while PHM3-AgNPs were ovoid-
shaped AgNPs. SEM images also exhibit agglomerated

particles of larger sizes in all synthesized AgNPs. For confir-
mation of appropriate size of NPs and to avoid imaging of any
microalgae residue, ethanolic extracts were filtered and syn-
thesized NPs were purified by dialysis that eliminates the im-
aging of any other entity.

Transmission electron microscopy TEM confirmed the
structure and size distribution of DHM1-AgNPs and DHM2-
AgNPs which predominately were spherical in shape with
smooth edges (Fig. 2a, b) depicting d,, range of 15 to 30 nm
and 40 to 50 nm, respectively. However, d,, of PHM3-AgNPs
varied from 50 to 65 nm. The shape appeared spherical to
mostly ovoid for PHM3-AgNPs (Fig. 2¢). The detail of
possible capping agents in our study was provided by FTIR
analysis.

Fourier transmission infrared spectroscopy FTIR analysis
for DHM1-AgNPs showed a lost peak of amine at 3413 cm ',
aliphatic amine at 1050 cm ™', aromatic group at 879 cm ' and
alkenes at 1640 cm ', Introduction of primary alcohol at
3444 cm ™' and aldehyde at 2851 cm ' was also observed.
Results also suggested a peak shift of alkanes from 2955 cm ™
t0 2920 cm ' and primary amines at 1633 cm™' (Fig. 3a).

DHM2-AgNP analysis (Fig. 3b) illustrated lost amine peak
at 3408 cm_l, alkane stretch at 2956 and 2900 cm_l, alkane
bend at 1452 ¢cm !, alkane rock at 1329 cmﬁl, aliphatic amines
at 1089 cm ', ethers at 1049 cm ' and aromatic C—H at
881 cm . Introduction of aliphatic amines at 1025 cm ', nitro
compounds at 1516 cm ™" and primary amines at 1629 cm '
was an indication for biosynthesis of AgNPs. Reappearance of
alkanes at 2850/2918 cm™ ' and primary alcohols at 3434 cm ™'
also supported the process of reduction, capping and stabili-
zation. Moreover, peak shift of alkenes from 1645 to
1629 cm ' was observed.

PHM3-AgNPs presented lost peaks of alkene at
1650 ¢m ™!, ethers at 1049 cm ! and aromatic C-H at
881 cm . Introduction of aldehydes at 2849 cm ' and prima-
ry amines at 163 3 cm ' suggested the reduction and capping
of AgNPs, respectively. Peak shift of primary alcohol from
3402 to 3426 cm ' and alkane from 2976 to 2918 cm ™' ac-
companied by reoccurrence of aliphatic amine at 1018 cm™
was also detected (Fig. 3c).

X-ray diffraction The crystalline structure of the AgNPs was
determined by XRD under 26 full spectrum ranging from 10°
to 80°. Four distinct characteristic sharp diffraction peaks of
Ag for DHM1-AgNPs were observed at 38.11°, 44.29°,
64.44° and 77.39° (Fig. 4a). These values were assigned the
plane (111), (200), (220) and (311) indicated face-centric cu-
bic (fcc) crystals of AgNPs. XRD spectrum for DHM2-
AgNPs (Fig. 4b) showed peaks at 38.04°, 47.06° and 54.99°
which corresponds to the plane (111), (200) and (220) and
represents fcc crystal structure of Ag. On the other hand, 26
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<« Fig. 1 aNeighbour-joining phylogenetic tree inferred from sequences of
internal transcribed spacer (ITS) showing interrelationship of two strains
of microalgae (strain DHM 1 and strain DHM 2) with the closely related
strains of different genera. Data with gaps and ambiguous nucleotides
were removed during alignment for the construction of tree, which was
generated using the MEGA 6.0 software package and was rooted by
using Meyerella planktonica as an out-group. Bootstrap values (only
>60% are shown), expressed as a percentage of 1000 replications, are
given at the branching points. Bar 2.0% sequence divergence. b
Neighbour-joining phylogenetic tree inferred from sequences of ITS
showing interrelationship of microalgae strain PHM 3 with the closely
related strains of different genera. Data with gaps and ambiguous
nucleotides were removed during alignment for the construction of tree,
which was generated using the MEGA 6.0 software package (Tamura
et al. 2013) and was rooted by using M. planktonica as an out-group.
Bootstrap values (only >60% are shown), expressed as a percentage of
1000 replications, are given at the branching points. Bar 2.0% sequence
divergence

100nm

Fig. 2 Transmission electron microscopy images representing
morphology of AgNPs a DHM1-AgNPs, b DHM2-AgNPs and ¢
PHM3-AgNPs

82

80 |

Aromatic C-H

% Transmittance
~
©
T

76 -
O-H
74 1 1 1 1
0 1000 2000 3000 4000 5000
wavenumber (cm™)
82
80
(]
o
f =4
I
£
E 78}
7]
c
o
=
=
76 C-H
1" amine N-H
O-H
74 1 1 1 1
0 1000 2000 3000 4000 5000
Wavenumber (cm™)
C
82
80
(]
(%]
c
Il
E
13
2
s 78 -
[
N C-N stretch
76 1" amine N-H O-H
1 1 1 1
0 1000 2000 3000 4000 5000

Wavenumber (cm™)

Fig. 3 Fourier transmission infrared spectroscopy presenting peak shifts
during AgNPs formation: a DHM1-AgNPs, b DHM2-AgNPs and ¢
PHM3-AgNPs

peak at 32.79° with plane value (110) indicates some quantity
of monoclinic NPs of silver oxide (Ag,O) due to the presence
of oxygen and its interaction with Ag. Similarly, for PHM3-
AgNPs spectrum, major 26 peak of monoclinic Ag,0O at 32.8°
and a minor peak of Ag at 38.4° allocated planes (110) and
(111) were detected (Fig. 4c). The results were also verified by
standards of Joint Committee on Powder Diffraction (JCPDS;
MDI-Jade 6.5 version). The lattice constant calculated for the
pattern was 4.7023 and 4.7605 A, which is almost consistent
with standard value of 4.090 A.
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Fig. 4 Qualitative and quantitative analysis of AgNPs using X-ray
diffraction spectroscopy: a DHM1-AgNPs showing peak of FCC
crystals of AgNPs; b DHM2-AgNPs showing three peaks of FCC
crystals and a peak of MC crystal of Ag,O NPs; ¢ PHM3-AgNPs major
peak of FC crystals of Ag,0O and minor for Ag" NPs

Energy dispersive X-ray spectroscopy The EDS profile pre-
sented strong signal of Ag together with weak carbon (C),
oxygen (O) and chlorine (Cl) peaks. The existence of C, O
and CI elements is inevitable due to the media ingredients
which were used to grow algae as well as C and Cu grids used
to analyse AgNPs. The EDS graph (Fig. S3a) obtained for
DHM1-AgNPs exhibited presence of metallic Ag peaks with
mass percentage of 76.2% and atomic percentage of 38.3%.

@ Springer

Orbital energy for Ag revealed the presence of electrons in L-
shell, and sub-shells o« and indicated that sample was highly
stable. DHM2-AgNPs showed presence of 66.8% Ag
(Fig. S3b), while atomic percentage was 24.7%. Ag was
present in La-shell of orbital mostly, and in 3 as well. PHM3-
AgNP EDS graph illustrated percentage of Ag 60.7% by mass
and 17.8% by atoms. Like other two species, Ag for this species
was also indicated presence of Ag in L-shell of orbital largely
with « sub-shell (Fig. S3c). The concentration of AgNPs
according to Egs. 1 and 2 in DHM1, DHM2 and PHM3-
AgNPs were 2864.1, 3044.8 and 1716.5 nM, respectively.

Silver nanoparticles as therapeutics

Antibacterial activity Antibacterial activity of all three
microalgae species was confirmed against 14 different strains
of Gram-positive and Gram-negative bacteria (Fig. 5). PHM3-
AgNPs with ovoid shape and larger size showed greater ac-
tivity than DHM1-AgNPs and DHM2-AgNPs with sphere
shape and smaller size. However, the ethanolic extract of all
three species hardly showed any activity.

The study conducted here confirms zone of inhibition of 14
bacterial strains against DHM1-AgNPs, DHM2-AgNPs and
PHM3-AgNPs. Proteus mirabilis, A. junii, S. mutans,
E. faecalis and S. dysenteriae were strongly inhibited by
DHM1-AgNPs (Fig. 5a). However, S. typhi, Enterococcus
and S. marcescens showed were slightly inhibited whereas
S. aureus and P. aeruginosa were not inhibited by all three
algal species.

Antibacterial effects of DHM2-AgNPs (Fig. 5b) showed
maximum activity on P. mirabilis and Enterococcus.
DHM2-AgNPs inhibited growth of all other bacterial strains
except for S. aureus and P. aeruginosa. Twelve strains were
inhibited by PHM3-AgNPs (Fig. 5¢) and with the maximum
activity for P. mirabilis, Enterococcus and MRSA. Minimum
inhibition was observed for E. faecalis, whereas S. aureus and
P, aeruginosa were not inhibited.

Antifungal activity DHM1-AgNPs, DHM2-AgNPs and
PHM3-AgNPs showed considerable zone of inhibition
against C. albicans. Maximum inhibition was shown by
PHM3-AgNPs, following DHM1-AgNPs (Fig. S4). A series
of dilution from the stock solution (1 mg mL ') were made
and tested, but maximum zone of inhibition was shown by the
stock solution. The increased concentration did not show any
significant change with baseline values at 1.75 mg mL ™.

Cytotoxicity assay Synthesized AgNPs from three
microalgae species were tested against HepG2, MCF7 and
Huh7 cell lines. In vitro cytotoxicity against HepG2
(Fig. 6a) and MCF7 (Fig. 6b) was evaluated at different con-
centration in comparison with the standard drugs taxol and
tamoxafin, respectively. A dose-dependent trend was
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Fig. 5 Antibacterial activity of synthesized AgNPs. a DHM1-AgNPs, b
DHM2-AgNPs and ¢ PHM3-AgNPs (black bar) evaluated bacterial
strains, (red bar) FEP and (green bar) TGC

observed for all three types of microalgae-mediated AgNPs.
Activity of AgNPs against HepG2 was increased with increas-
ing concentration. The calculated ICs, values for DHM1-
AgNPs, DHM2-AgNPs were 0.30 and 0.289 ug mL ™', re-
spectively and the dose at these values was around
30 ug mL . Taxol showed 46% cytotoxicity, which is less
than the AgNPs of Dictyospherium. However, for PHM3-
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Fig. 6 Anticancer activity of synthesized AgNPs. a HepG2 tumour cell
line and b MCF7 tumour cell line. (—e—) DHM1-AgNPs, (o)
DHM2-AgNPs, (—-3--) PHM3-AgNPs and (-—¢>-) Taxol analysed with
HepG2 and Temoxifin analysed with MCF7 line as control

AgNPs, none of these dose ranges inhibited 50% of growth
for cancerous cells. A proportional, dose-dependent and line-
arly increasing cytotoxic tendency against MCF7 was ob-
served for DHM1-AgNPs, DHM2-AgNPs and ICs, values
were 0.22 and 0.16 pg mL ™', respectively. For PHM3-
AgNPs, there was a decreasing trend and then an increasing
dose-dependent trend was observed with an ICsq value of
0.16 pg mL ™.

Apoptosis estimation assay (Fig. 7) with AgNP-treated
cells exhibit a reduced amount of cells participating in Gy to
G, phase with an intensification at G, to M phase indicating
cell cycle arrest at latter stages. HepG2 and MCF7 cells treated
with AgNPs showed shearing of DNA and fragmentation pro-
viding a reason of cell death when treated.

Antiviral assay The TCIDs ratio of viral suspension (Fig. 8)
on Huh?7 cells treated with AgNPs was used to gauge antiviral
activity along with untreated infected cells as control. The
DHMI1-AgNPs showed maximum activity in a dose-
dependent manner. DHM2-AgNPs and PHM3-AgNP exhib-
ited a similar increase as the DHM1-AgNPs. At the same
concentrations, the activity was highest for DHM1-AgNPs
and least for PHM3-AgNPs.
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Fig. 7 DNA fragmentation analysis for apoptotic pathway assessment
showing shearing and fragmentation of DNA bands in AgNP-treated
cells, (/) PHM3-AgNPs at MCF7, (2) DHM1-AgNPs at MCF7, (3)
DHM2-AgNPs at MCF7, (4) PHM3-AgNPs at HepG2, (5) DHMI-
AgNPs at HepG2, (6) DHM2-AgNPs at HepG2, (7) control

Discussion

A series of various concentrations of silver nitrate ranging
from 1 to 5 mM were used at different pH (data not shown)
to ensure the maximum reduction of Ag", and results showed
the peak at 5 mM. As the literature also showed that concen-
trations above this level could be toxic (Beer et al. 2012;
Stensberg et al. 2011), the range was limited between 1 and
5 mM but intended to obtain optimum results. The reduction
reaction resulting in the formation of algae-mediated AgNPs
after UV spectrophotometric analysis showed that the SPR
bands match with the findings of previous studies. AgNPs of
marine microalgae species like Chaetoceros calcitrans,
C. salina, Isochrysis galbana and Tetraselmis gracilis showed
a peak at 420 nm (Merin et al. 2010). In another study
(Kathiraven et al. 2015) on the marine alga C. racemosa at
different time interval (3—24 h) showed a reduction in size and
band shift from 440 to 413 nm. Therefore, SPR bands of our
synthesized AgNPs lie in the same region and have closely
related values (419, 421, 418 nm). The area under the peak
indicates polydispersed and homogenized AgNPs.

Numerous studies showed different size ranges of AgNPs
from different strains of algae, for instance, Gelidiella acerosa
extracts exhibited spherical NPs of d,, 22 nm (Vivek et al.
2011), Chlorococcum humicola AgNPs presented d,, of
16 nm (Jena et al. 2013), whereas Cystophora moniliformis
(Prasad et al. 2013) extract showed formation of AgNPs of
75 nm and beyond. Size and shape of NPs play characteristic
role for specifying the properties of respective NPs. the reason
for this phenomenon is the interaction between bio-
compounds such as proteins, polysaccharides, phenols, poly-
phenols and amines with metal ions determining the size and
structure of NPs (Azizi et al. 2013).

TEM results obtained by our study correlates with
TEM results generated by few other groups for algae me-
diated synthesis of metallic NPs which showed
polydispersed NPs. Sargassum longifolium was used to
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Fig. 8 Antiviral activity of AgNPs on NDV in Huh7 cell line. (—e—)
DHMI1-AgNPs, (--v-) DHM2-AgNPs and (—-3--) PHM3-AgNPs

manufacture gold NPs of 40-80 nm with spherical shape
(Rajeshkumar et al. 2014) whereas AgNPs from
C. pyrenoidosa were 2-20 nm spheres (Aziz et al.
2015). The polydispersed AgNPs attached to the biomol-
ecules of algal cells consequently provide a size range due
to different bond lengths. Smother edges of AgNPs could
be due to protein or related molecules in the ethanol ex-
tract as described by Ahmad et al. (2010) for AgNP pro-
duction from basil plant. Similarly, vibrational peaks ob-
served in this study have closely related peaks as de-
scribed by previous studies for algae-derived AgNPs from
species such as P. oedogonia (Sinha et al. 2015) and
Chaetomorpha linum (Kannan et al. 2013). These studies
showed vibrational peaks for primary alcohol (3650—
3200 cm '), alkanes (3300-2700 cm ') and aliphatic
(1200-1000 cm™ ") compounds and are in accordance with
our study. Appearance of primary alcohol indicates the
strong reduction process involvement which allowed the
synthesis of NPs. Alkanes and aldehydes suggest capping
of AgNPs. However, almost every algal strain showed a
unique characteristic peak. Previous studies also
established the fact that carbonyl group from amino acid
residues and proteins possess a stronger ability to bind
metals. The process significance is to form a protective
layer over the metallic NPs, prevention of agglomerates
and stabilization of synthesized NPs (El-Rafie et al.
2013). Likewise, FTIR results suggested the successful
formation of AgNPs for DHM1-AgNPs, DHM2-AgNPs
and PHM3-AgNPs providing a confirmation of capping.
In addition, all three FTIR analyses confirm the presence
of both hydrophilic and hydrophobic functional groups
attached to the AgNPs. The presence of reduced Ag is
an indication of AgNP synthesis process completion as
previous studies also revealed presence of pure metallic
Ag (Jena et al. 2013). The shape of AgNPs plays an im-
portant role in cytotoxicity: predominant (111) face-
centric cubic crystals always have greater antimicrobial
activity due to smaller crystal size. However, monoclinic
crystals (110) also have antimicrobial activity; in fact,
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monoclinic crystal structure has synergistic effect with
face-centric cubic structure and promotes antimicrobial
activity. Recently, Raza et al. (2016) reported that even
the triangular and larger spherical-shaped AgNPs show
good antimicrobial activity.

Moreover, the variations in antimicrobial activities (results
shown in Table S1) could be a consequence of morphological
dissimilarity of bacterial strains. The physiology and geno-
mics of bacterial strains play a major role with respect to the
activity of AgNPs. In our previous study (Ashraf et al. 2014),
we observed that the response of bacterial strains, even from
the same species, was different for lysozyme-coated AgNPs.
This difference in the antibacterial activity of AgNPs for dif-
ferent bacterial strains of the same species, even if there is no
structural variation in the Ag nanoparticles may be due to the
genome islands that are acquired through horizontal gene
transfer (HGT). These genome islands are expected to possess
some genes that may encode enzymes to resist the antimicro-
bial activity of AgNPs (Ashraf et al. 2014).

Numerous studies have been carried out to detect anti-
bacterial activities if microalgae-mediated synthesized
AgNPs. Inhibition of a bacterial strain depends on type
of strain, type of AgNPs and microalgae species studied
(Sudha et al. 2013). The results of this study showed
different zone of inhibitions for diverse AgNPs when test-
ed on various bacteria. Results also indicated activity to-
wards both Gram-positive and Gram-negative bacteria.
The AgNPs affect the morphology of E. coli and
S. aureus as observed under TEM and SEM. The images
displayed detached cell membrane from cell wall with
appearance of electron-light region in the centre of bacte-
rial cells (Feng et al. 2000). In the current study, EDS
micrographs show different percentages of silver in the
samples and the percentage of silver in the material can
influence antimicrobial properties. Therefore, for quanti-
tative analysis, the antimicrobial activities of these silver
nanoparticles with the same Ag contents can be com-
pared; however, organism-specific immune responses to
different nanoparticle morphologies could lead to diffe-
rent observations. Similarly, microbial genomics could
be another aspect that can influence antimicrobial proper-
ties of AgNPs as the microbes can acquire Ag-resistant
genes through horizontal or lateral gene transfer and the
effect of AgNPs was variable even if the percentage of
silver was the same into these AgNPs (Ashraf et al. 2014).
For qualitative analysis, silver percentage might not be a
limiting factor in the antimicrobial properties of these
AgNPs.

Fungal infections are strongly inhibited when exposed
to Ag or AgNPs. Sargassum longifolium-mediated synthe-
sized AgNPs have been used to inhibit several types of
fungal strains (Rajeshkumar et al. 2014). Concentration
plays an important role in drug activity. Ag* ions are

effective at micromolar level, whereas AgNPs are effec-
tive at the nanomolar level, indicating a major difference
between efficacy of Ag™ and AgNPs and for effective
cytotoxicity (Lok et al. 2006). Although previous studies
on different tumour cell lines for algae-derived AgNPs
showed positive results (Devi and Bhimba 2012;
Roychoudhury et al. 2016; Vieira et al. 2016), our study
showed similar activity even at low doses, probably due
to the smaller size and better capping of the AgNPs. Cell
apoptosis of cancer cell lines observed in our study opens
another window to discuss how reactive oxygen species
(ROS) may promote cell cycle propagation signalling en-
tities. The ROS can also cause oxidative DNA damage
(Alvarez-Gonzalez et al. 1999). DNA fragmentation is a
feature of apoptosis as cell size reduces due to shrinkage
(Gurunathan et al. 2013). The results clearly demonstrate
the effect of size on the activity of AgNPs. This effect
was predominantly observed in antiviral activity and in
accordance to previous studies which concluded that size
dependence is due to spatial restriction of binding of vi-
rions and AgNPs (Lu et al. 2008). Nevertheless, all three
AgNPs of ethanolic extracts of microalgae expressed re-
markable activity against NDV. The mechanism behind
the antiviral activity of AgNPs is unknown. However,
most likely the AgNPs directly bind with the virus glyco-
protein envelope thus restricting virus penetration in host
cells (Mori et al. 2013).

In conclusion, numerous studies have been done on the
green synthesis of NPs using different biological resources
such as prokaryotic and eukaryotic organisms. In the present
study, a simple one-step methodology was adopted using
green chemistry to synthesize AgNPs from ethanolic extracts
of freshwater microalgae. Algal extracts of three species pro-
duced significant amount of versatile NPs when reacted with
Ag. Microstructure characterization of biologically synthe-
sized AgNPs was performed on SEM, TEM, XRD, FTIR
and EDS. SEM and TEM showed homogeneous and uniform-
ly distributed AgNPs with narrow size range for each species
but of different sizes and shapes. XRD confirmed the crystal-
line structure of these AgNPs, as well as the formation of face-
centred cubic and mono-centred structure of these AgNPs.
FTIR indicated reduction and capping of Ag with different
bio-compounds. Capping of carbonyls appeared to be respon-
sible for the biosynthesis of AgNPs and their therapeutic ac-
tivities. Antibacterial activity for a range of Gram-positive and
negative bacteria, antifungal, anticancer and antiviral activities
were observed. Lower concentration of effective dose can lead
to minimum side effects almost eliminating the possibility of
cytotoxicity for normal healthy cells. Antiviral activity with
higher biocompatibility ratio can also be used as tool to coun-
ter viral infections.

Therefore, this study showed the efficiency of fresh water
microalgae for the production of significant amount of
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different size-range AgNPs with variable properties.
However, investigation of bio-compounds involved in synthe-
sis, reduction and capping of Ag still needs to be carried out.
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