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ABSTRACT

This study examined the formulation of Microalgal Chloroform Extracts (MEs) and Silver nanoparticles
(AgNPs) co-application for anticancer activity against MCF-7 and 4T1 cells, without affecting the non-
cancerous Vero cell-lines. The concentration, ratios and duration of treatments were optimized, and
the flow cytometric and cell cycle analyses were carried out. The metabolites based on Gas
Chromatography-Mass Spectrometry (GC-MS) were determined and the antioxidant activities evaluated.
The main compounds detected in Chlorella sp. and N. oculata, respectively, were hexanedioic acid, bis (2-
ethylhexyl) ester (23.94, 36.47%), neophytadiene (16.82, 4.79%), eicosane (4.37, 15.04%), hexatriacontane
(0,12.77%), and 13-Docosenamide, (Z) (9.22, 0%). The AgNPs-N. oculata-CHL at (w/w) 1.5:1 and 2:1 ratios
(w/w) exhibited cytotoxic ICso of 10.47 and 17.78 pg/mL on MCF-7 cells; and 79.43 and 52.7 pg/mL
against 4T1 cells after 72 h, respectively. The AgNPs-Chlorella sp.-CHL at 1:1 and 2:1 ratios exhibited
ICsp of 19.05 and 14.45 pg/mL against MCF-7 cells; and 79.43 and 50.11 pg/mL on 4T1 cells after 72 h,
respectively. There was no cytotoxicity against Vero cells at any of the treatments tested. The co-
applications showed higher early and late apoptotic events and significant increase in sub G1 phase as
compared to the single-applications. At the 2:1 ratio, the strongest anti-oxidant activities were shown
by the AgNPs-Chlorella sp.-CHL (ICs0 2.11 mg/mL) and N. oculata-CHL (ICso 2.98 mg/mL), as compared
to the AgNPs-T. suecica-CHL (ICsq 1.77 mg/mL). The AgNPs-MEs co-application exerted high anticancer
and antioxidant activities, with no cytotoxic activity against Vero cells. The formulation could lead to
the development of potent therapeutic agents against breast cancer with reduced or no side effect.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Free-radical chain reactions can lead to many diseases such as

Abbreviations: AgNPs, Silver nanoparticles; NPs, Nanoparticles; MEs, Microalgae
extracts; SPR, surface-plasmon resonance; ROS, reactive oxygen species; MET,
Methanol; CHL, Chloroform; HEX, Hexane; ETH, Ethanol; W, Water; PI, Propidium
iodide; XRD, X-ray Diffraction; DMSO, Dimethyl sulfoxide; MTT, 3-(4,5-
dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide TMX, Tamoxifen; SEM,
Scanning Electron Microscopy; GC-MS, Gas-chromatography mass spectrometry.
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diabetes, cancer, arthritis, and increased aging process. Effective
free-radical scavenging activities is therefore important to quench
the initiator radical (Saha et al., 2004). Biogenic compounds from
plant and microalgal extracts are Generally Regarded As Safe
(GRAS) to be developed as complementary anticancer, antitumor
and antioxidant therapeutics, with little or no side effects
(Abdullah et al., 2016, 2017; Martinez Andrade et al., 2018). Uni-
cellular green algae Nannochloropsis oculata (Ochrophyta, Eustig-
matophyceae) and Chlorella vulgaris Beijerinck (Chlorellaceae),
have been explored for functional food, nutraceutical, pharmaceu-
ticals, biochemicals, and animal feed applications (Abdullah et al.,
2016, 2017; Shah and Abdullah, 2018).
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Nanomaterials could revolutionize cancer diagnosis and ther-
apy. The nanoparticles loaded with therapeutic drugs or agents
have been utilized in the delivery systems to diseased sites
(Abdullah et al., 2014; Gul-e-Saba and Abdullah, 2015; Supraja
et al., 2016), via active or passive targeting to specific cells or tis-
sues (Gurunathan et al., 2013). Silver nanoparticles (AgNPs) exhibit
different levels of cytotoxicity on breast cancer cells (Hussein et al.,
2020a), and free radical scavenging activity (Khan et al., 2015). As
electron donors, AgNPs could react with the free radicals to reduce
them into stable compound, and quench the radical chain reaction.
The AgNPs could advance the theranostics application for diagnosis
and therapeutics efficacy in the overall cancer treatment strategies
(Wang, 2017).

Most of the reported work on the cytotoxicity on the cancer
cells involves a single application of either Microalgal Extracts or
AgNP. The Tetraselmis suecica chloroform extracts (CHL) and the
AgNPs co-application at the 2:1 ratio, has been reported to attain
the cytotoxic ICsg of 6.6 pg/mL on MCF-7, and 53.7 pg/mL on
4 T1 cells using the MTT assay (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide). The single application of T. suecica-
CHL exhibits the ICso of 46.77 pg/mL on MCF-7, and 83.17 pg/mL on
4T1 cells. Both single and co-applications however do not exhibit
any cytoxocity on the Vero cells (Hussein et al., 2020a). The GC-
MS metabolite profiling of N. oculata, Chlorella and T. suecica hex-
ane (HEX), methanol (MET), ethanol (ETH) and water (W) extracts,
and the antimicrobial activities, including that of the CHL extracts,
have been determined (Hussein et al., 2020b). The cytotoxicity of
the microalgal extracts in co-application with elevated AgNP levels
and the LC-MS profiling of CHL, HEX, MET, ETH and W extracts,
have also been reported (Hussein et al., 2020c). To our knowledge,
the cytotoxicity of the AgNPs-N. oculata and Chlorella sp. co-
application against breast cancer cells (MCF-7 and 4T1) with
reduced cytotoxicity on the non-cancerous Vero cells, together
with their anti-oxidant activities, have not been established before.

The aims of this study were therefore to formulate the AgNPs
and the Chlorella sp. and N. oculata CHL extracts as single or co-
application, for anticancer activities against the MCF-7 and 4T1
cancer cell-lines, without affecting the Vero cell-lines. The ratios,
duration, and concentrations of treatments were optimized. The
evidence of necrotic or apoptotic cell death was evaluated by the
flow cytometric and cell-cycle analyses. The antioxidant activities
of Chlorella sp. and N. oculata MEs, in single and co-application with
the AgNPs, were investigated, and the comparison was made with
the T. suecica extracts as their cytotoxicities on the MCF-7, 4T1, and
Vero cells are reported by Hussein et al. (2020a).

2. Materials and methods
2.1. Microalgal cultivation

The N. oculata, Chlorella sp., and T. suecica microalgal species
used in the present study, were a gift from the Fisheries Research
Institute of Malaysia, Kuala Muda, Kedah, Malaysia, and identified
under the supervision of Dr. Mohd Fariduddin Othman. The
microalgae was subcultured in the TMRL Enrichment medium
(Table S1), as described previously (Shah, 2014; Shah and
Abdullah, 2018; Hussein et al., 2020a). The cell number was deter-
mined by a Hemocytometer by harvesting every 2-3 days and the
cell growth profile established.

2.2. Biosynthesis of AgNPs

The De Man Rogase and Sharp (MRS) media (Himedia, India)
was inoculated with Lactobacillus plantarum culture. The bacteria
was first isolated from the gastrointestinal tract of Oreochromis
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niloticus (Red tilapia) at the Institute of Tropical Aquaculture
(AQUATROP), Universiti Malaysia Terengganu. The cultures were
maintained according to the previous method (Jaffat et al., 2017).
The L. plantarum cell-free supernatant was prepared as described
before (Chaudhari et al., 2012). The biosynthesis of AgNPs was car-
ried out by mixing silver nitrate (AgNO3) solution (1 mM) with the
supernatant at 1:1 (v/v) ratio and incubated in the dark at 100 rpm,
35 °C. After 24 h, the color change from light yellow to reddish-
brown was observed, indicating the silver ion reduction and the
AgNPs formation.

2.3. Characterization of AgNPs

The characterization of AgNPs was according to Caroling et al.
(2013). The UV-Vis spectrum to determine the Ag* ions reduction
was observed by UV-Visible Spectroscopy (UV-1800, Shimadzu,
Japan), at the absorbance range of 200-800 nm. Deionized water
was used as the blank. The shape and size of the AgNPs were mea-
sured by Scanning Electron Microscopy (SEM) (Japan, JSM-6610LV,
JEOL). The X-ray Diffractometer (XRD) (Miniflex II, Rigaku, Japan)
analyzed the crystal structure of the AgNPs. The ‘peak search’
and the ‘search match’ built-in program (PDXL, Rigaku, Japan)
identified the XRD peak (Caroling et al., 2013).

2.4. Preparation of MEs

All solvents used were 100% solvent of analytical grade. The
dried microalgae (0.5 g) were ground into fine powder and
extracted for 24 h in 150 mL of methanol (MET), ethanol (ETH)
and water (W) (polar), chloroform (CHL) (semi-polar), and hexane
(HEX) (non-polar), separately, in a Soxhlet apparatus. The temper-
ature used was dependent on the solvent boiling point (Fabrowska
et al., 2018). For water, the extraction was carried out at 30 °C and
sonicated for 10 min. The extracts were evaporated using a Rotary
evaporator, weighed and stored at 4 °C for further analyses.

2.5. Gas Chromatography-Mass spectrometric (GC-MS) analyses

The MEs (1 mg) were dissolved in HEX (1 mL) and analysed by
the GC-MS (QP2010 Ultra) with a capillary column (0.25 m film
thickness, 30 m x 0.25 mm i.d), and connected to Shimadzu SH-
Rxi-5Sil MS (Shimadzu, USA). The injector and MS interface tem-
peratures were at 250 °C. The columns were run in a
programmed-mode at 50 °C (first stage) for 2 min, with a linear
ramp of 10 °C min~!, until 230 °C in the final stage. The split ratio
mode 1:0 was used, and the carrier gas helium was at 4.6 mL min~'.
The volume of the injected sample was 1 pL (Hussein et al., 2020a).

2.6. Preparation of AgNPs-MEs-CHL ratio

The preparation was carried out as shown in Table S2 according
to Hussein et al. (2020a).

2.7. Determination of cytotoxic effects

2.7.1. Cancer and Vero cell-lines

The breast cancer cell lines were the MCF-7 (ATCC® HTB-22™ -
the human breast cancer), and the 4T1 cells (ATCC® CRL-2539™ -
the mammary carcinoma), and the non-cancerous ones were the
Vero cells (ATCC® CCL-81™ - the African green monkey kidney
epithelial cells). The procedure was carried out as reported by
Hussein et al. (2020a).

2.7.2. Cytotoxic assay
The MCF-7, 4T1, and Vero cell-lines were grown in a 96-well
plate at 5 x 10% 2 x 10% and 4 x 10* cells/mL, respectively, and
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incubated overnight. After 24 h, the cells were treated with single
and co-applications of MEs and AgNPs at different concentrations
(3.125-100 pg/mL) for 24, 48, and 72 h durations. Each well was
subjected to MTT assay (Mosmann, 1983; Hussein et al., 2020a).

2.7.3. Flow cytometry and cell cycle analyses
The flow cytometric and cell cycle analyses were as described
before by Hussein et al. (2020a).

2.8. Determination of antioxidant activities

The anti-oxidant activity was estimated by using the 2,2-
diphenyl-2- picrylhydrazyl (DPPH) method with slight modifica-
tion (Medhe et al., 2014). Quercetin (Sigma-Aldrich, USA) was used
as the standard. Two hundred pL of fresh DPPH (Sigma-Aldrich,
USA) solution (6 x 10~ M in methanol) was added to a clear 96-
well plate and mixed together with 20 uL of the samples or the
standard, in two-fold serial dilutions of the extracts from 10 to
0 mg/mL The aluminum-covered plate was incubated for 30 min,
at room temperature. The absorbance (Abs) was read at 517 nm
and the antioxidant activity was determined as follows:

Inhibition (%) [(Blank Abs — Sample Abs)/Blank Abs] x 100

(1)

For the preparation of the AgNPs and MEs as single applications,
various concentrations of AgNPs (stock of 10 mg/mL) and MEs
(stock of 10 mg/mL) were prepared (0-10 mg/mL). For
co-applications, each solution of AgNPs and MEs was mixed to
form a final total concentration of 10 mg/mL at the ratios of 1:1,
1.5:1, and 2:1 (AgNPs:MEs (w/w)) as shown in Table S3. The
anti-oxidant activities of the Chlorella and N. oculata MEs and
AgNPs single and co-applications were compared with the
T. suecica extracts, as the cytotoxic effects of the latter have been
established (Hussein et al., 2020a).

2.9. Statistical analyses

All experiments were performed in triplicate and results as the
means + standard deviation (SD). The half-maximum inhibitory
concentration (ICsg) and the data were analyzed using GraphPad
Prism (version 6, USA). The ICso measures the compound efficiency
in inhibiting the biological functions and biochemical processes.

3. Results
3.1. Characterization of microalgal biomass and GC-MS analyses

Fig. 1a shows the growth curve of N. oculata and Chlorella sp.
cultivated in 250 mL shake flasks under continuous white light at
24-28 °C and shaken at 130 rpm. The highest cell density was
achieved with Chlorella sp. at 60 x 10° cell/mL. The only essential
macro/micronutrients present in the TMRL medium could have led
to a reduced cell growth rate and density (Shah and Abdullah,
2018). The GC-MS detected 12 compounds in the CHL extracts
(Table 1) that showed a high peak area (%) at different retention
times (R;). The major compounds in Chlorella sp. and N. oculata,
respectively, were hexanedioic acid, bis(2-ethylhexyl) ester
(23.94, 36.47%), neophytadiene (16.82, 4.79%), eicosane (4.37,
15.04%), hexatriacontane (0, 12.77%), and 13-Docosenamide, (Z)
(9.22, 0%). Both Chlorella sp. and N. oculata registered hexanedioic
acid, bis(2-ethylhexyl) ester as the major compound.
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3.2. Characterization of AgNPs

Fig. 1b shows the UV-Vis spectroscopy where the AgNP forma-
tion was observed at the absorption peak of 424 nm, which sug-
gests the Surface Plasmon Resonance (SPR) of the NPs. After the
addition of 1 mM AgNOs to the cell free supernatant, the AgNO3
was reduced to AgNPs, and after 24 h incubation at 35 °C, the reac-
tion mixture exhibited the change of colour from light-yellow to
reddish-brown (Jaffat et al., 2017). The SEM (Fig. 1c) shows that
the AgNPs were mostly spheroid in shape, with the diameter rang-
ing from 20 to 100 nm, and were slightly agglomerated, as simi-
larly reported previously (Dakhil, 2017). The XRD analysis
exhibited the peaks at 37.5°, 45.8°, 65°, and 76.9°, which are corre-
lated to the (111), (200), (220), and (300) planes, respectively,
that indicate the crystalline characteristic of silver (Fig. 1d).

3.3. Cytotoxic activities

3.3.1. Single application of MEs and AgNPs

The AgNPs showed the highest cytotoxicity against MCF-7 cells
at IC50 0f 23.98, 7.36, and 5.31 pg/mL, respectively, after 24, 48, and
72 h (Table 2). The Chlorella sp.-CHL exhibited the strongest cyto-
toxicity (ICso 39.81 ug/mL) after 72 h treatment, followed by N.
oculata-CHL (ICso 42.65 pg/mL) and N. oculata-HEX (ICso
50.11 pg/mL). The AgNPs also showed significantly higher cytotox-
icity against the 4T1 cell line at ICsq of 19.95, 19.05, and 17.78
ug/mL after 24, 48, and 72 h, respectively. None of the MEs showed
any cytotoxicity against 4T1 cells except for the low cytotoxicity
after 72 h with Chlorella sp.-CHL at ICs¢ 83.17 ug/mL and N. oculata-
MET (ICso 95.49 pg/mL). For the Vero cells, the AgNPs exhibited
high cytotoxicity at ICsq 35.48, 30.19, and 25.11 pg/mL after 24,
48, and 72 h, respectively, while the MEs did not show any
cytotoxic effects (Table 2). The MEs-CHL and HEX may selectively
inhibit the growth of specific cell types or tumor types, while the
MEs-MET and W exhibited no significant cytotoxicity on any of
the cell-lines. Therefore, the MEs-CHL were used for further study
in co-application with the AgNPs.

3.3.2. AgNPs-MEs-CHL Co-application

The anticancer activity of the AgNPs-MEs-CHL against the MCF-
7,4T1, and Vero cell-lines are shown in Table 3. The AgNPs-N. ocu-
lata-CHL at the 1.5:1 and 2:1 ratios (w/w) after 72 h exhibited ICsq
of 10.47 and 17.78 pg/mL against MCF-7 cells; and 79.43 and
52.7 pg/mL against 4T1 cells, respectively. The AgNPs-Chlorella
sp.-CHL at the 1:1 and 2:1 ratios (w/w) after 72 h exhibited ICsq
of 19.05 and 14.45 pg/mL against MCF-7 cells; and 79.43 and
50.11 pg/mL against 4T1 cells, respectively. These results against
MCF-7 cells were comparable to the activity of the AgNPs in single
application, suggesting that the higher AgNPs composition in the
co-application enhanced the cytotoxicity. In general, the AgNPs-
MEs-CHL treatment on the MCF-7 cells at the 1.5:1 and 2:1 ratios,
achieved the cytotoxic ICsg of 19.95-41.86 pg/mL after 24 h; 15.1
3-37.15 pg/mL after 48 h; and 10.47-33.88 pg/mL after 72 h. With
the 4T1 cell lines, the highest cytotoxicity was exhibited by the
AgNPs-Chlorella sp.-CHL after 72 h at the ICsq of 48.97 pug/mL at
the 1.5:1 ratio, and 50.11 pg/mL at the 2:1 ratio; followed by the
AgNPs-N. oculata-CHL at the 2:1 ratio with the ICsq of 52.7 ug/mL
after 72 h treatment, and 54.59 pg/mL after 48 h.

The same dosage and ratio of AgNPs-MEs-CHL co-application
that showed cytotoxicity on the MCF-7 cells could not produce
the same cytotoxicity on the 4T1 cells. The higher MEs composition
could mask the cytotoxicity of the AgNPs. Interestingly, all the
AgNPs-MEs-CHL co-application showed no cytotoxic activity on
the Vero cell-line for any of the treatment durations. Although
the AgNPs in single application had shown cytotoxic effects, the
presence of MEs at all the co-application ratios may have masked
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Fig. 1. Characterization of microalgae and AgNPs: (a) Growth profile; (b) UV-Vis spectra of AgNPs, (c) SEM of AgNPs (37000x magnification), (d) XRD of AgNPs.

Table 1
GC-MS analyses of Chlorella sp. and N. oculata-CHL.
Extracts/Compounds R, (min) N. oculata Chlorella sp.
(%) (%)
1. Fatty acid
Campesterol 54.7 - 5.09
2. Alkane
Eicosane 434 15.04 437
Tetracontane 46.5 1.63
Hexatriacontane 49.5 12.77
3. Ester
Hexanedioic acid, bis (2-ethylhexyl) ester 41.5 36.47 23.94
9,12,15- Octadecatrienoic acid, methyl ester, (Z,2,Z) 36.3
Diisooctyl phthalate 43.90 6.74 2.08
1 2-benzenedicarboxylic acid bis(8-methylnonyl) ester 493 5.99 242
4. Terpene
Neophytadiene 30.9 4.79 16.82
Phytol 36.5 532
5. Amide group
13-Docosenamide,(Z)- 47.7 - 9.22
6. Vitamin
Vitamin E 52.7 - 0.42

NB: “~* means “Not detected”.
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Table 2
The ICsq values of MEs and AgNPs single-application against MCF-7, 4T1 and Vero cell lines. The symbol (-) indicates no ICso value estimated.
Cell line/MEs 24 h 48 h 72 h AgNPs
CHL HEX MET W CHL HEX MET W4 CHL HEX MET w 24 h 48 h 72 h
1. MCF-7
N. oculata 57.54 £ 0.09 70.79 £ 0.07 70.79 + 0.08 53.7+0.17 56.2+0.16 75.85+0.05 91.2+ 0.04 42.65+0.18 50.11 £0.20 5248 +0.10 91.2+£0.04 2398+.12 7.36+0.20 5.31+£0.20
Chlorella sp. - - - 5248 +0.12 100 +£0.08 89.13+0.10 70.8+ 0.04 39.81+0.15 7943 +0.14 77.6+0.12 63.1 = 0.03
2.4T1
N. oculata - - - - - - - - - 95.49 + 0.05 - 19.95+0.17 19.05+0.15 17.78 £0.10
Chlorella sp. - - - - - - - 83.17 £ 0.07 - - -
3. Vero
N. oculata - - - - - - - - - - - 3548 +0.09 30.19+0.10 25.11 +0.10
Chlorella sp. - - - - - - - - - - -
Table 3
The ICsq values of AgNPs-MEs-CHL co-application at different ratios against MCF-7, 4T1 and Vero cell lines. The symbol (-) indicates no ICs value estimated; NC: N. oculata-CHL; CC: Chlorella sp.-CHL.
Co-application /Cell-lines 24 h 48 h 72 h
1:1 1.5:1 2:1 1.5:3 1:1 1.5:1 2:1 1.5:3 1:1 1.5:1 2:1 1.5:3
1. MCF-7
AgNPs-NC 30.19+0.24 19.95+0.20 28.18+0.15 60.25+0.10 25.7+0.20 15.13 £0.20 20.41+0.20 44.66+0.23 20.89+0.20 1047+030 17.78+0.26 33.88+0.20
AgNPs-CC 4786 +0.10 41.86 £0.21 2454+025 5248+0.18 29.5%0.10 37.15+0.24 2041+024 50.11 £0.21 19.05+0.20 33.88+0.16 14.45+020 47.86+0.16
2. 4T1
AgNPs-NC 85.11£0.03 85.11+0.10 63.09+0.10 - 75.85+0.10 81.28+0.04 54.59+0.04 - 66.06 £ 0.08 79.43 +0.07 52.7 £0.15 -
AgNPs-CC 89.12+0.09 58.88+0.08 63.09+0.08 - 87.09£0.03 56.23+£0.10 60.25+0.10 100 + 0.08 79.43 £ 0.06 4897 +0.06 50.11+0.06 100 * 0.03
3. Vero
AgNPs-NC - - - - - - - - - - -
AgNPs-CC - - - - - - - - - - -

10 32 AIpzDYD PYO ‘I ‘PDWDYON ‘H ‘UIassny V'H

P6YE-98FE (0202) Z€ 22ua1s — Anstaatun pnvs suty fo [puinof
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the AgNPs cytotoxicity against the Vero cell-lines (Table 2). Vero
cells have been used as the in vitro normal cell control to evaluate
cytotoxicity (Sombatsri et al., 2019). The Vero cell line is the most
common mammalian continuous cell line used in research due to
its sensitivity to different types of microbes, chemical compounds,
and toxins, and thus, its suitability for use in the screening tests for
natural products (Sit et al., 2018) and in cancer research (Siddiqui
et al., 2019).

3.4. Flow cytometry and cell cycle analyses

Fig. 2a shows significant apoptotic activity in the MCF-7 cell-
lines where the early apoptosis was the highest with the AgNPs
(25.56%) and TMX (27.17%) treatments. The AgNPs-N. oculata-

Journal of King Saud University — Science 32 (2020) 3486-3494

CHL achieved the highest early (17.88%) and late apoptosis
(36.25%); followed by AgNPs-Chlorella sp.-CHL with early
(17.42%) and late apoptosis (33.52%) within the cell population,
after 24 h treatment. For the 4T1 cells (Fig. 2b), the highest early
apoptosis was attained with the AgNPs at 16.33% of the cell popu-
lation, while the TMX at 63.77% achieved the highest late apopto-
sis, followed by the AgNPs at 25.59% and AgNPs-Chlorella sp.-CHL
(13.07%). For Vero cell-lines (Fig. 2c), the early and late apoptotic
activities were higher after the treatment with TMX and AgNPs,
but no ICsy value was recorded with any of the AgNPs—-MEs-CHL
treatment.

Fig. 3a-c demonstrates the distribution of the events in the cell-
cycle phases of the MCF-7, 4T1, and Vero cells, after 24 h. In the
MCF-7 cells, a significant enhancement was observed in the

a 1004 E Control
90 - BTMX
~ 80 - EN. oculata -CHL
§ 70 - B Chlorella sp.-CHL
g 60 OAgNPs
£ O AgNPs-N. oculata-CHL
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&
= 30
[
© 20
10
0
Viable Early apoptosis Late apoptosis Necrosis
p 100 m Control
BTMX
90 B Chlorella sp.-CHL
. 80 O AgNPs
S 2 OAgNPs-N. oculata-CHL
= O AgNPs-Chlorella sp.-CHL
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= 50
&
g 40
g 30
20
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¢ loo = Control
90 = TMX
_ 80 AgNPs
S
S 70
g
g 60
]
= 50
& T
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g 30
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Fig. 2. Flow cytometry of the live cells,
percentages of each quadrant *p < 0.05).
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early apoptotic, late apoptotic, and necrotic phase in treated and untreated (a) MCF-7, (b) 4T1, (c) Vero cell-lines (Values are
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Fig. 3. Cell-cycle analyses with the single and co-application of MEs-CHL and AgNPs, after 24 h treatment at the ICso values against (a) MCF-7, (b) 4T1 and (c) Vero cell lines.

Table 4

Antioxidant activities of N. oculata, Chlorella sp. and T. suecica extracts in single and co-application with AgNPs (DPPH free radical scavenging activity expressed as ICso (mg/mL)).

The symbol (-) indicates no ICsg value estimated.

Solvent/MEs Single application ICsy (mg/mL)
Chloroform Hexane Methanol Ethanol Water

N. oculata 2.23 +0.02 2.98 + 0.04 3.22 + 0.02 5.84 + 0.01 6.07 £ 0.01
Chlorella sp. 3.16 £ 0.01 7.07 £ 0.02 241+ 0.08 2.98 +0.02 5.41 £ 0.01
T. suecica 3.54 £ 0.01 521 +0.02 3.16 £ 0.05 2.71 £ 0.01 5.84 +0.02
AgNPs 2.66 + 0.004
Quercetin (Standard) 0.39 + 0.04
Solvent/AgNPs:MEs Co-application ICso (mg/mL)

AgNPs-N. oculata AgNPs-Chlorella sp. AgNPs-T. suecica

1:1 1.5:1 2:1 1:1 1.5:1 2:1 1:1 1.5:1 2:1
Chloroform 5.01 £ 0.01 4,29 + 0.003 2.98 +0.01 3.75 £ 0.001 2.51 £ 0.01 2.11 £ 0.01 7.49 £ 0.01 2.61 £ 0.01 1.77 £ 0.003
Hexane 5.01 £ 0.01 3.98 + 0.002 2.81 £ 0.01 5.4 +0.02 3.48 + 0.04 2.93 +0.01 4.13 + 0.003 3.22 + 0.003 2.93 +0.02
Methanol 4.21 £ 0.01 4.3 £0.01 3.34 £ 0.02 - 3.54 £ 0.01 3.04 £ 0.04 5.62 + 0.01 3.54 + 0.01 3.41+0.03
Ethanol 3.04 £ 0.02 2.07 £ 0.01 1.88 £ 0.01 2.98 + 0.01 2.64 £ 0.01 2.23 £ 0.02 2.51 £ 0.01 2.19 £ 0.01 1.77 £ 0.01
Water 4.54 + 0.02 3.68 + 0.02 3.16 £ 0.02 531 £ 0.01 4.73 + 0.02 3.82 £ 0.02 4.38 + 0.02 3.48 + 0.03 3.22 £0.02

Sub-G1 phase (the apoptotic event) in all the treated samples espe-
cially with the TMX (33.96%), AgNPs-N. oculata-CHL (32.24%),
AgNPs-Chlorella sp.-CHL (30.86%), and AgNPs (29.1%). There was
also a significant drop in the G1 phase to about 30% with TMX
and AgNPs and 35-40% in the AgNPs-MEs-CHL, as compared to

3492

49% in the control, and more than 50% in Chlorella sp.-CHL and N.
oculata-CHL. In the S phase, there was a reduction from 26% (Con-
trol) to about 8.91, 9, 10.97, and 11.85% with the TMX, AgNPs,
AgNPs-Chlorella sp.-CHL, and AgNPs-N. oculata-CHL treatments,
respectively. In the G2/M phase, all the treated samples had a
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lower percentage than the control, thereby suggesting inhibited
mitosis. For the 4T1 cells, a significant increase in the apoptotic
events (Sub-G1 phase) was shown by the TMX (44.99%), followed
by the AgNPs (20.93%), AgNPs-Chlorella sp.-CHL (18.43%), and
AgNPs-N. oculata-CHL (17.28%). For the Vero cells, there was an
increase from 10% (Control) to about 19.87 and 15.11% in the
Sub-G1 phase and from 42% (Control) to 53% and 47% in the GO/
G1 phase, with the TMX and AgNPs, respectively. However, the S
phase decreased from 20% (Control) to about 9.97 and 13.8% with
the TMX and AgNPs treatment, respectively. For the G2/M phase,
the distribution at 16.47% with the AgNPs was comparable to the
control (16.08%), but it was slightly decreased with the TMX
(13.45%).

3.5. Antioxidant activities

The maximum antioxidant activity (ICso) of the single applica-
tion at 10 mg/mL concentration was in the decreasing order of
(mg/mL): N. oculata-CHL (2.23), AgNPs (2.66) and Chlorella sp.-
CHL (3.16), in comparison to Chlorella sp.-MET (2.41), T. suecica-
ETH (2.71), Chlorella sp.-ETH and N. oculata-HEX (2.98) and the
standard Quercetin (0.39) (Table 4). For co-application, the stron-
gest antioxidant activities exhibited by the AgNPs-Chlorella sp.-
CHL (2:1) (2.11) and AgNPs-N. oculata-CHL (2.98) were lower than
or comparable to the AgNPs-N. oculata-ETH (2:1 and 1.5:1) (1.88
and 2.07, respectively), AgNPs-T. suecica-CHL and ETH (2:1)
(1.77), AgNPs-T. suecica-ETH (1.5:1) (2.19) and AgNPs-Chlorella
sp.—ETH (2:1) (2.23). The AgNPs-MEs co-application however
exhibited far superior antioxidant activities than the single appli-
cation of either MEs or AgNPs.

4. Discussion

The microalgal cell growth is influenced by the abiotic factors
which include the environment and nutritional factors; and the
biotic factors, such as the competition with the pathogens and
other algae (Abdullah et al., 2016, 2017; Shah and Abdullah,
2018). In the case of AgNPs biosynthesis, proteins and enzymes,
such as nitrate reductase, could play the role as regulatory agents
(Jaffat et al., 2017). A specific and single SPR band suggests that
the NPs have the shape of a spheroid while a remarkable peak
broadening at around 350 nm to 480 nm indicates that the parti-
cles are polydispersed (Nephawe, 2015). The unassigned peaks
can be attributed to the biomolecules (Supraja et al.,, 2016). In
our study, the AgNPs single application showed cytotoxicity
against MCF-7 cells, comparable to, if not better than, the ICsy of
7.19 pg/mL (Remya et al., 2015). Against the Vero cells, the cyto-
toxicity in our study was higher than the ICso of 66.34 pg/mL
(Remya et al, 2015) and 68.49 pg/mL (Priyadharshini et al,
2014). The anti-cancer mechanisms of the AgNPs against different
cell lines may be associated with the oxidative stress, mitochon-
drial and DNA damage, and apoptotic induction (Rejeeth et al.,
2014).

GC-MS is ideal for the study of mainly low polarity, thermally-
stable volatile compounds and derivatizable. This however could
lead to incomplete derivation and loss of metabolites and may cre-
ate artefacts (Stringer et al., 2016). In comparison to Chlorella sp.
and N. oculate-CHL which exhibited hexanedioic acid, bis(2-
ethylhexyl) ester, neophytadiene and eicosane as compounds
detected in both species, tetracontane (18.16%), eicosane
(17.11%) and hexatriacontane (12.77%) are significantly detected
in T. suecica-CHL, while hexanedioic acid, bis (2-ethylhexyl) ester
(9.39%), and neophytadiene (7.14%) are moderately detected
(Hussein et al., 2020a). Diisooctyl phthalate was detected in Chlor-
ella sp.-CHL (2.08%) and N. oculata-CHL (6.74%) (Table 1), but none
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in T. suecica-CHL (Hussein et al., 2020a). This was therefore consid-
ered as not a major compound. Diethyl-phthalate and phthalic-
acid derivatives such as Di-n-octyl-phthalate (DOP) are used as
plasticizers and can be toxic to marine organisms (Chen and
Sung, 2005). The origin of the compound is not clear but the con-
cerns must be addressed in the future investigation.

Similarly, the GC-MS detects dibutyl phthalate and diamyl
phthalate, and the phenolics including tetradecane, heptadecane,
2,6,10,14-tetramethyl, 1,2-benzenedicarboxylic acid, bis(2-
methylpropyl)ester, and 1,2-benzenedicarboxylic acid, butyl 2-
ethylhexylester, in the methanolic extracts of Chlorella vulgaris.
The N. oculata extracts show trichloroacetic acid, pentadecyl ester,
dodecane, 2,6,11-trimethyl, 1-decanol, 2-hexyl, dodecanoic acid,
1-methylethyl ester, heptadecane, eicosane, phytol, and hexade-
canoic acid, methyl ester and. Both exhibit decane, 2,3,5,8-
tetramethyl, pentadecane, and hexadecane (Bhuvana et al., 2019).
The GC-MS analyses of Streptomyces sp. have shown the presence
of diisooctyl phthalate, hexanedioic acid bis (2-ethylhexyl) ester,
2-pentanone, cyclohexasiloxane, 4-hydroxy-4-methyl, oxime-,
dodecamethyl, cycloheptasiloxane, methoxy phenyl, and tetrade-
camethyl. These compounds exhibit anticancer, antioxidant, and
antimicrobial activities (Phuong et al., 2018). The fatty acid con-
stituents such as tetradecanoic acid, octadecanoic acid and hexade-
canoic acid methyl esters, have been suggested to promote
bioactivities (Musharraf et al., 2012). The pentadecanoic acid,
14-methyl-, methyl ester, 2- pentadecanone,6,10,14-trimethyl,
phytol, benzeneacetic acid a, 3-bis(acetyloxy)-methyl ester, and
1,2- benzenediol,4-(2-aminopropyl), in Chlorococcum humicola
methanol extracts, for example, exhibit anticancer and antioxidant
activities (Balaji et al., 2017). The tetracontane and phytol detected
in Plectranthus amboinicus extracts may have resulted in enhanced
pharmacological activities (Swamy et al., 2017).

5. Conclusion

Chlorella sp. had a higher cell growth in TMRL medium, but both
Chlorella sp. and N. oculata exhibited hexanedioic acid, bis(2-
ethylhexyl) ester as the major compound. The green biosynthesis
of AgNPs was also successfully characterized. The AgNPs-N. ocu-
lata-CHL (at the ratios of 1.5:1 and 2:1) showed the highest anti-
cancer activities against the MCF-7, while the AgNPs-Chlorella
sp.-CHL exhibited the highest cytotoxicity on the 4T1 cells. How-
ever, the AgNPs-MEs co-application had not shown any cytotoxic-
ity on the Vero cells. The co-application furthermore induced the
highest early and late apoptosis and sub G1 phase (apoptotic
events) in the MCF-7 and 4T1 cells. The AgNPs-MEs co-
application also exhibited superior antioxidant activities. The pres-
ence of AgNPs therefore enhanced the anticancer activities of the
MEs, while the presence of MEs reduced the cytotoxic effects of
the AgNPs against the non-cancerous Vero cells.
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