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A B S T R A C T

This study evaluated the cytotoxic activity of Tamoxifen (TMX), an anti-estrogen drug, with microalgal crude
extracts (MCEs) in single and synergistic application (TMX-MCEs) on MCF-7 and 4T1 breast cancer cells, and non-
cancerous Vero cells. The MCEs of Nannochloropsis oculata, Tetraselmis suecica and Chlorella sp. from five different
solvents (methanol, MET; ethanol, ETH; water, W; chloroform, CHL; and hexane, HEX) were developed. The TMX-
MCEs-ETH and W at the 1:2 and 1:3 ratios, attained IC50 of 15.84–29.51 μg/mL against MCF-7; 13.8–31.62 μg/mL
against 4T1; and 24.54–85.11 μg/mL against Vero cells. Higher late apoptosis was exhibited against MCF-7 by the
TMX-N. oculata-ETH (41.15 %); and by the TMX-T. suecica-ETH (65.69 %) against 4T1 cells. The TMX-T. suecica-
ETH also showed higher ADP/ATP ratios, but comparable Caspase activities to control. For Vero cells, overall
apoptotic effects were lowered with synergistic application, and only early apoptosis was higher with TMX-
T. suecica-ETH but at lower levels (29.84 %). The MCEs-W showed the presence of alanine, oleic acid, linoleic
acid, lactic acid, and fumaric acid. Based on Principal Component Analysis (PCA), the spectral signals for polar
solvents such as MET and ETH, were found in the same cluster, while the non-polar solvent CHL was with HEX,
suggesting similar chemical profiles clustered for the same polarity. The CHL and HEX were more effective with
N. oculata and T. suecica which were of the marine origin, while the ETH and MET were more effective with
Chlorella sp., which was of the freshwater origin. The synergistic application of microalgal bioactive compounds
with TMX can maintain the cytotoxicity against breast cancer cells whilst reducing the toxicity against non-
cancerous Vero cells. These findings will benefit the biopharmaceutical, and functional and healthy food
industries.
1. Introduction

The conventional treatments of breast cancer, as of today, face some
drawbacks attributable to the associated side effects of the drugs, limited
drug concentration and loss of specificity at the cancer site, and the
development of chemo-resistance (Fanciullino et al., 2013; Singh et al.,
2013; Hosseinia et al., 2017). Among the drugs commonly used to treat
breast cancer are tamoxifen (TMX) (an anti-estrogen, hormone therapy
drug), doxorubicin (a cytotoxic antibiotic), and paclitaxel (an
aulidiani), azmuddin@sibcogrou
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anti-microtubule agent). These chemotherapy drugs are widely used to
promote estrogen-dependent programmed breast cancer cell death
(Cuzick et al., 2011). Paclitaxel causes mitotic arrest by stabilizing the
cellular microtubule elements. Doxorubicin is used in a combination
regimen where the cytotoxic activities have been attributed to free
radical mechanism, lipid peroxidation, and direct membrane effects
(Anjum et al., 2017). TMX or trans-1-[p-b-(dimethyl-amino) ethoxy-
phenyl]1,2-diphenyl-1-butene is a substituted trans-isomer of triphe-
nylethylene (Morrow and Jordan, 2000; Jordan, 2006), and a common
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drug to treat estrogen receptor positive breast cancer (ERþve) (Jones and
Buzdar, 2004), estrogen-receptor-negative breast cancers (ER-ve), and
other unrelated cancers (Sun et al., 2012). TMX interacts strongly with
bio-membranes, lipids and proteins, because of its lipophilic character-
istic. The mitochondrial bioenergetics can also be affected by TMX
(Marek et al., 2011). The main mechanism involves the binding of TMX
to the estrogen receptor and inhibition of the proliferative activities of
estrogen on the mammary epithelium. TMX stimulates DNA adduct for-
mation, cytostatic (G0/G1 arrest) and cytotoxic (induction of apoptosis)
effects, and may target the checkpoint between the cell cycle progression
and apoptosis (Petinari et al., 2004). With the use of TMX, the risk of
ERþve breast cancer return is reduced to 50%, and the morbidity rate
decreased to 28 % (Anjum et al., 2017). However, patients treated with
TMX have been reported to develop resistance and severe side effects.
The long-term use of TMX can cause aneuploidy, endometrial and hepatic
cancer (Petinari et al., 2004).

It is becoming imperative to search for new alternatives, strategies
and formulations of anti-breast cancer agents (Senthilraja and Kathir-
esan, 2015). The new chemo-preventive drugs against breast cancer need
to consider the safety and efficacy aspects to improve the therapeutics
management and reduce the high cost and pain of patients (Steward and
Brown, 2013). There has been an increasing interest to develop novel
therapeutic strategies against cancer using drugs or cytotoxic agents
based on natural compounds (Gurunathan et al., 2013; Hussein et al.,
2020a,b,c,d). Natural-based products including benzylpenicillin,
didemnin B, girolline, lovastatin, bryostatin 1, dolastatin 10, crypto-
phycins, kahalalide F and bengamide derivative are utilized in clinical
trials for cancer, cognitive diseases, analgesia and allergy (Newman and
Cragg, 2004). Natural compounds derived from marine resources have
great potentials to be developed as important components of functional
food (Abdullah et al., 2017) and biopharmaceuticals, either as drugs
directly or indirectly as precursors for biochemical drug synthesis
(Molinski et al., 2009). In the market, there are seven drugs which are
marine-based and four of these are for anticancer. With nearly twenty-six
marine-based natural products in clinical trials, twenty-three are for
cancer therapeutics (Jaspars et al., 2016; Martínez Andrade et al., 2018).

There is a promising future for the applications of microalgae in
pharmaceuticals, nutraceutical, cosmetics, functional food, and aqua-
culture, apart from the applications for bioenergy and environmental
remediation in a biorefinery set-up (Abdullah et al., 2015, 2016, 2017;
Abdullah and Hussein, 2021). Microalgae could enhance the host defence
mechanism by enhancing the activity of the natural killer cells (Yuan and
Walsh, 2006), activating the immune system (Schumacher et al., 2012),
and inhibiting cancer cells and carcinogenesis (Liu et al., 2012; El-hack
et al., 2019). The microalgal bioactive compounds are also effective
against many pathogens (El-hack et al., 2019). The co-applications of
microalgal metabolites with silver nanoparticles have been proven to
enhance cytotoxic effects against breast cancer cells, but with reduced
toxicity against the non-cancerous Vero cells (Hussein et al., 2020a,b,d).
Combination therapy has shown good potential in the treatment of
cancer where the cytotoxicity and therapeutic activity can be increased
by utilizing multiple drugs with various mechanisms of action delivered
to the same disease site (Gao et al., 2015). In the case of paclitaxel
administration, combination therapy is effective in lowering the drug
doses to avoid the side effects of high-dose in patients. It acts in a syn-
ergistic manner by strengthening the drugs and increasing the anticancer
activity, whilst reducing the toxicity on normal cells (Malh~ao et al.,
2021).

Metabolite levels in any biosystems indicate their regulatory pro-
cesses and responses to genetic or environmental perturbations (Fiehn,
2002). The responses may vary in time and space whichmake analyzing a
huge array of compounds and chemical structures a daunting task.
Metabolomics is an unbiased analysis of complex metabolite mixtures,
which allows for estimation and identification of individual metabolite. It
has found application in functional genomics to establish the molecular
interaction global network within a biosystem (Gomez-casati et al.,
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2013). Other areas include systems biology, pharmaceutical research,
drug discovery, toxicology, food and nutrition science and early disease
detection (Pan and Raftery, 2007). The two analytical methods
commonly used in metabolomics are Nuclear Magnetic Resonance
(NMR) Spectroscopy and Liquid Chromatography-Mass Spectrometry
(LC-MS). The 1H NMR-based metabolomics is a non-targeted analysis to
evaluate the correlation between specific metabolites in 1H NMR spectra
of a source, such as the plant extracts, with the bioactivities such as
anti-inflammation, antioxidant, and antidiabetic properties (Azizan
et al., 2018).

The aims of this study were to develop a new formulation of TMX
with Microalgal Crude Extracts (MCEs) in single or synergistic applica-
tions and to optimize the concentrations, the ratios, and the duration of
treatments for cytotoxic effects on MCF-7 and 4T1 breast cancer cells,
with reduced toxicities against the non-cancerous Vero cells. Morpho-
logical changes, apoptosis (Annexin-V flow cytometry), cell cycle arrest,
ADP/ATP ratio, and caspase 3/7 activities were determined. The
metabolite profiles of the microalgae extracted by solvents of different
polarity (W, MET, ETH, CHL and HEX) were established and the profiles
were correlated to the biological activities using 1H NMR-based metab-
olomics, Principal Component Analysis, and relative quantification
method.

2. Material and methods

2.1. Cultivation and preparation of MCEs

The microalgal species used in this study, Nannochloropsis oculata,
Tetraselmis suecica, and Chlorella sp., were identified by Dr. Mohd Far-
iduddin Othman, from the Fisheries Research Institute (FRI), Kuala
Muda, Kedah, Malaysia. The molecular identification of N. oculata car-
ried out using partial 18S rRNA sequence, partial rbc1 gene, and internal
transcribed spacer (ITS) region determination, exhibited 97–99 % simi-
larity to N. oculata, based on sequence alignment and phylogenetic tree
analysis (Shah, 2014; Abdullah et al., 2021). The protocol for microalgal
culture maintenance and extraction was as reported earlier (Hussein
et al., 2020a). The TMRL Enrichment medium was prepared by adding 1
mL of each nutrient (Table S1) (AQUACOPs, 1984) into 960 mL of sea
water, pH adjusted to 7.6–7.8, topped up to 1 L, filtered by 0.22–1
micron, and then autoclaved at 121 �C for 15 min. All work was carried
out aseptically in a laminar flow cabinet. The cultures were shaken at 130
rpm on a shaker, at 28 � 2 �C, under white fluorescent light. After 14–16
days of cultivation, the cells were harvested, and centrifuged (3500 rpm,
10 min). The cells were dried in the oven overnight (50 �C), and kept
until use in a freezer (4 �C). The MCEs preparation was as reported before
(Hussein et al., 2020a).

2.2. Preparation of TMX:MCEs ratios

The stocks (10 mg/mL) of TMX (Sigma, USA) and MCEs were pre-
pared by dissolving in Dimethyl sulfoxide (DMSO). For single applica-
tion, the MCEs and TMX were prepared between 3.125-100 μg/mL. For
synergistic application, each stock solution of TMX and MCEs was mixed
at 1:2, 1:3, 1:4 and 1:5 ratios to yield 100 μg/mL final concentration
(TMX: MCEs, w/w) (Table S2).

2.3. Determination of cytotoxicity

2.3.1. MCF-7, 4T1 and Vero cell-lines
The MCF-7 cells (American Tissue Culture Collection, ATCC® HTB-

22™) are human breast adenocarcinoma cell-line, the 4T1 (ATCC® CRL-
2539™) cells are mammary carcinoma that can metastasize, and the non-
cancerous Vero cells (ATCC® CCL-81™) are the cell-line derived from the
African green monkey kidney epithelial cells. The MCF-7 and Vero cells
were cultured in Minimum Essential Medium (MEM), supplemented with
10 % Fetal Bovine Serum (FBS), 1 % non-essential amino acid, 1 %
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sodium pyruvate, and 1 % penicillin-streptomycin. The 4T1 cell-line was
maintained in Roswell Park Memorial Institute (RPMI)-1640 medium
supplemented with 10 % FBS, 2 mM L-glutamine, 100 unit/mL penicillin
and 100 mg/mL streptomycin. The cell-lines were grown in 75 cm3 and
25 cm3 culture flasks, at 37 �C in a humidified atmosphere, with 5 % CO2.
The cells were washed with Phosphate Buffered Saline (PBS) at pH 7.4,
and the used media were replenished with the fresh media every 2–3
days.

2.3.2. Cytotoxic assay
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) assay was carried out as a measure of the dehydrogenation
enzyme in the mitochondria of the viable cells capable of cleaving the
tetrazolium rings of the pale yellow coloured MTT, into purplish for-
mazan crystal (Prabaharan et al., 2009). The number of viable cells is
directly proportional to the level of the formazan crystal formed (Jan-
itabar-Darzi et al., 2017). The cytotoxic effects of TMX (Sigma-Aldrich)
and MCEs in single and synergistic application were evaluated after 24 h.
One hundred μL of 5� 104, 2� 104 and 4� 104 cells/mL for MCF-7, 4T1
and Vero cells respectively, were pipetted into each well of the 96-well
plate, and incubated overnight for growth. Later, the MCEs and TMX
were prepared at 3.125–100 μg/mL, for single and synergistic applica-
tions (Table S2) where 100 μL was loaded to each well and incubated for
24 h. Then, 5 mg/mL of the MTT reagent was dispensed into the well,
incubated, and solubilized. The sample absorbance (Abs) was measured
spectrophotometrically using a microplate reader at 570 nm. The per-
centage of cytotoxicity was calculated as described previously (Mos-
mann, 1983) by using the following formula in Eq. (1):

Cell viability (%) ¼ [(OD sample – OD blank)/OD Control] � 100 (1)

where OD sample ¼ Abs of the treated sample, OD blank ¼ Abs of media
þ DMSO, and OD Control¼ Abs of non-treated sample. The half maximal
inhibitory concentration (IC50) was determined by using Graph Pad
Prism (Version 6, CA, USA).

2.3.3. Morphological characterization
The cell-lines were seeded for 24 h. The media later was changed to a

fresh media containing TMX, and the MCEs at the IC50 levels, for 24 h
treatment. The negative Control was the cells without any treatment. The
cell morphology was analysed using an inverted microscope.
2.4. Flow Cytometry

2.4.1. Annexin V
The cell lines were cultured in 75 cm3

flasks for 24 h. The fresh media
was then loaded with the TMX and MCEs treatment (including Control
culture without treatment). After 24 h, the cells were washed with the
PBS three times, and harvested by adding 1 mL of trypsin and incubated
for 7–10 min, for cell detachment. The cells were rinsed with the media
and then centrifuged (1000 rpm, 5 min). The cell pellet was then sus-
pended in 1 mL complete media. The cells at 106 cell number were
washed in 1 mL Binding buffer and centrifuged (300�g, 10 min). The
pellet was re-suspended in 100 μL of 1� Binding Buffer per 106 cells. Ten
μL of Annexin V-FITC was added per 106 cells, and incubated in the dark
(15 min, room temperature). The cells were washed with 1 mL of 1�
Binding Buffer per 106 cells and centrifuged (300�g, 10 min). The cell
pellet was then re-suspended in 500 μL of 1� Binding Buffer per 106 cells.
Finally, 5 μL of Propidium iodide (PI) solution was added before flow
cytometric analysis was carried out. The phosphatidylserine (PS) levels in
the untreated control cells (in Relative Fluorescence Unit (RFU)), were
used as the baseline indicator for normal PS levels (Sarojini et al., 2016).

2.4.2. Cell -cycle analysis
The cells were harvested after 24 h treatment. The cell number was

determined and the cells were washed one time at 1 � 106 cells per tube.
3

Later, PBS (1 mL) was added and the tube was centrifuged (1200 rpm, 4
�C). The pellet was re-suspended in PBS buffer (0.3 mL), and the cells
were then fixed gently by adding dropwise 0.7 mL of 70 % cold ethanol
into 0.3 mL of the cell suspension in PBS, and then vortexed. The cells
were kept in ice for 1 h or in a freezer (4 �C), and then centrifuged,
washed with cold PBS, re-centrifuged, and finally the pellet re-suspended
in PBS (0.25 mL). Five μL of 10 mg/mL RNAse A was added to give
0.2–0.5 mg/mL final concentration and the cell suspension was incu-
bated (30 min, 37 �C). Thereafter, ten μL of PI solution (1 mg/mL) was
added to yield 10 μg/mL final concentration, and the sample was kept at
4 �C, in the dark, prior to flowcytometric analysis.
2.5. Biomarkers

2.5.1. ADP/ATP ratio
The cell-lines were cultured at 104 cells/well in a 96-well plate and

incubated with the treatment to induce apoptosis, while the control
culture was without the treatment. After 24 and 48 h, the culture medium
was removed. The Nucleotide Releasing Buffer (NRB) (50 μL Buffer per
103–104 cells) was added, and incubated at room temperature with
gentle shaking for 5 min. The NRB assists to loosen up the cell membrane
to allow the ATP to leak out without cell lysis.

The ATP Monitoring Enzyme was added with Enzyme Reconstitution
Buffer (2.1 mL), mixed gently, and the Reaction Mix added (100 μL),
before the background luminescence (Data A) was read. Fifty μL of cells
(103–104 cells) were then pipetted into the luminescence plate reader
(luminometer) (GloMax® System, Promega, USA) and the NRB was
added. After 5 min, the sample in the luminometer (Data B) was read.
After 10 min incubation at room temperature, the sample was again read
(Data C). Later, the 10X ADP-Converting enzyme, which was diluted (10-
fold) with the NRB, was added, and after 5 min, the sample was read
(Data D). The data was analyzed as follows in Eq. (2):

ADP/ATP ratio ¼ [Data D – Data C]/[Data B – Data A] (2)

Data D ¼ Sample signal 5 min after the addition of 10 μL 1X ADP
Converting Enzyme to the cells.

Data C ¼ Sample signal prior to the addition of 1X ADP Converting
Enzyme to the cells.

Data B¼ Sample signal 5 min after the addition of cells to the reaction
mix.

Data A ¼ Background signal of the reaction mix.

2.5.2. Caspase 3/7
The cell-lines were cultured at 2 �104 cells/well for 24 h in a white

96-well plate. The cells were treated at the IC50 values of the TMX and
MCEs, for 24 and 48 h treatments. The cells and Caspase-Glo® 3/7 Re-
agent were equilibrated to room temperature, before Caspase-Glo® 3/7
Reagent (100 μL) was added into each well containing 100 μL of the
blank, negative Control and treated cells in the culture medium. The
plate was gently mixed (300–500 rpm) for 30 s, and incubated (30 min-3
h) at room temperature. The sample luminescence was read using the
luminometer as described in the manufacturer's protocol.
2.6. NMR analyses

2.6.1. Sample preparation
Approximately 10 mg of the MCEs, each from five solvents - methanol

(MET), chloroform (CHL), hexane (HEX), ethanol (ETH), and water (W),
was dissolved in 700 μL deuterated dimethyl sulfoxide (DMSO-d6) con-
taining 0.03 % tetramethylsilane (TMS) in a 2 mL Eppendorf tube, in 6
replicates. The mixture was vortexed (1 min) and ultrasonicated (15 min)
to solubilize the extract, and then centrifuged (13000 rpm, 10 min). The
supernatant (approximately 600 μL) was pipetted into a 5 mm NMR tube
for analyses.
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2.6.2. NMR spectra pre-processing and Multivariate Data Analysis
The 1H NMR spectra was obtained on a 400 MHz Advance Π NMR

spectrometer (Bruker, Germany), operating at 400 MHz and 25 �C. For
each sample, the following parameters were used:- 64 number of scans, 2
s relaxation delay (Olive and van Genderen, 2000; Fox et al., 2018), and
8.49 min acquisition time. The spectral width was adjusted from�2 to 14
ppm. To reduce water signals, the presaturation (PRESAT) pulse
sequence was applied.

The 1H NMR spectra of all samples were pre-processed (phasing,
baseline correction and alignment) and binned automatically to ASCII
files using Chenomx software (version 6.2, Edmonton, AB, Canada) at
0.04 ppm bin size. The spectra at 0.50–10.00 ppm was bucketed into 232
integrated regions, and the spectral ranges at δ 2.75–3.33 ppm and δ 2.5
ppm, representing residual signals for water and DMSO, respectively,
were excluded. Metabolite identification of all the MCEs was performed
by comparing the chemical shifts in the 1H-NMR spectrum with the ref-
erences available in the Chenomx compound library, Human Metab-
olome Databases (HMDB) and published literature data. The chemical
shifts were also further checked and compared with the values in the
literature. The standardized bucketed data were pareto-scaled (PAR) and
analysed with the Principal Component Analysis (PCA), using SIMCA-Pþ
software (version 12.0.1.0, Umetrics AB, Umea, Sweden). The 1H NMR
signals for the metabolites of interest were used for relative quantifica-
tion and the statistical analysis was carried out using Graph Pad Prism
(Version 6, CA, USA).

2.7. Statistical analysis

All experiments were carried out in triplicate and the results were
expressed as the means � standard deviation (SD). The data were
analyzed using GraphPad Prism software (version 6, CA, USA). The IC50
values were calculated from a dose response curve after 24 h treatment,
based on the non-linear regression using GraphPad Prism software
(Version 6, CA, USA).
Table 1. IC50 values (μg/mL) of TMX-MCEs-ETH and W, in comparison to TMX-MCEs
positive control; Untreated cells are the negative control).

Cell-lines
/Formulation

MCF-7 4T1

1:2 1:3 1:4 1:5 1:2 1:3

TMX 12.02 � 0.02*** 5.05 � 0.01****

Negative
Control

˃100 ˃100 ˃100 ˃100 ˃100 ˃100

TMX
-N. oculata-ETH

16.98** �
0.007

24.54** �
0.02

26.3 �
0.01

30.19 �
0.02

18.62*** �
0.01

19.0
0.01

TMX-
N. oculata-W

15.84*** �
0.06

21.87** �
0.05

30.19 �
0.03

33.88 �
0.06

30.9 �
0.01

31.6
0.02

TMX
-N. oculata-CHL

31.62* �
0.02

36.3 �
0.02

46.77 �
0.05

53.7 �
0.02

15.48*** �
0.06

17.7
0.01

TMX-T. suecica-
ETH

16.98** �
0.01

21.37* �
0.02

21.37* �
0.01

33.11 �
0.03

13.8**** �
0.02

14.1
0.01

TMX -T. suecica-
W

19.05** �
0.03

26.91 �
0.03

36.30 �
0.04

38.90 �
0.02

23.98** �
0.02

30.1
0.02

TMX -T. suecica-
CHL

27.54* �
0.01

33.11 �
0.01

37.15 �
0.01

43.65 �
0.01

14.12*** �
0.01

15.1
0.01

TMX -Chlorella
sp.-ETH

22.38** �
0.02

26.91 �
0.02

38.9 �
0.04

52.48 �
0.02

16.98** �
0.01

20.4
0.01

TMX -Chlorella
sp.-W

24.54* �
0.04

29.51 �
0.04

33.88 �
0.02

39.81 �
0.04

21.37* �
0.02

26.3
0.01

TMX -Chlorella
sp.-CHL

13.48*** �
0.02

21.87** �
0.02

44.66 �
0.02

54.95 �
0.03

16.98** �
0.01

18.6
0.03

Data expressed as mean � standard deviation (n ¼ 3). for statistically significant diff
0.05, significant *; 0.001 < p � 0.010, very significant**; and p � 0.001, highly sign
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3. Results

3.1. Cytotoxicity of TMX-MCEs

Table 1 shows the cytotoxic effects of TMX-MCEs-ETH and W at the
ratios of 1:2, 1:3, 1:4, and 1:5, as compared to CHL, after 24 h treatments.
At the 1:2 ratio, the highest cytotoxicity against MCF-7 cells was
exhibited by TMX-N. oculata-W (15.8 μg/mL), TMX-N. oculata and TMX-
T. suecica-ETH (16.98 μg/mL); and TMX-T. suecica-W (19.1 μg/mL), as
compared to TMX-Chlorella sp.-CHL (13.5 μg/mL). However for 4T1 cells,
the TMX-T. suecica-ETH 1:2 (13.8 μg/mL), and TMX-T. suecica-ETH 1:3
(14.1 μg/mL) exhibited higher or comparable cytotoxicity to TMX-
T. suecica-CHL (14.12 μg/mL). For Vero cells, the TMX-T. suecica-ETH 1:2
(24.5 μg/mL) and TMX-Chlorella sp.-ETH 1:2 (30.2 μg/mL) exerted
cytotoxicity higher than or comparable to the TMX-T. suecica-CHL (30.2
μg/mL). In general, the TMX:MCEs-ETH formulation at the 1:2 and 1:3
ratios showed the IC50 values of 16.98–26.9 μg/mL on MCF-7; 13.8–20.4
μg/mL on 4T1; and 24.5–38.9 μg/mL on Vero cells. ForW, the IC50 values
were 15.8–29.5 μg/mL on MCF-7; 21.4–31.6 μg/mL on 4T1; and much
lower against Vero cells lines at 42.7–85.1 μg/mL. The CHL extracts
exhibited higher cytotoxic effects on 4T1 cells with IC50 of 14.1–18.6 μg/
mL, as compared to 13.5–36.3 μg/mL against MCF-7 cells, and 30.2–50.1
μg/mL on Vero cells.

Synergistic application of silver nanoparticles (AgNPs) with T. suecica
chloroform extracts (AgNPs-T. suecica-CHL at the ratio of 2:1) also ach-
ieves high cytotoxicity on MCF-7 (IC50 6.6 μg/mL), but low toxicity on
4T1 cells (IC50 53.7 μg/mL), and with no toxicity on Vero cells after 72 h
treatment (Hussein et al., 2020a). For comparison, the single application
of TMX was highly cytotoxic to both cancer and Vero cell-lines. The IC50
of TMX on MCF-7 at 12 μg/mL (Table 1) after 24 h, agrees well with the
IC50 of 12 � 0.52 μg/mL reported before (Nigjeh et al., 2013). Other
values of TMX such as IC50 5 μg/mL after 24 h (Hassan et al., 2018), and
IC50 ~ 8 μM after 72 h, have also been reported (Sun et al., 2012). The
single application of the MCEs however showed low cytotoxicity on
-CHL, on MCF-7, 4T1 and Vero cell-lines, after 24 h treatment (Tamoxifen is the

Vero

1:4 1:5 1:2 1:3 1:4 1:5

11.22 � 0.01***
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0.02
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60.25 �
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66.06 �
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2**** � 18.62** �
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24.54** �
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33.88** �
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50.11 �
0.01

58.88 �
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9 � 34.67 �
0.02
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56.23 �
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70.79 �
0.02

85.11 �
0.02

3** � 16.98** �
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28.18 �
0.03

30.19** �
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44.66 �
0.01

48.97 �
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66.06 �
0.02
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28.84 �
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38.9 �
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56.23 �
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70.79 �
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39.81 �
0.01
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63.09 �
0.01

85.11 �
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25.11 �
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0.03

60.25 �
0.02
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0.02

erence between microalgae extracts and the ratio. Significant level: 0.010 < p �
ificant ***. The symbol “- “indicates no IC50 estimated.
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MCF-7 cells based on Chlorella sp.-ETH (IC50 52.48 μg/mL),
T. suecica-ETH (53.7 μg/mL) and N. oculata-CHL (57.5 μg/ml), after 24 h.
The Chlorella sp.-ETH and T. suecica-ETH exhibited even lower cytotox-
icity against 4T1 cells (91.2 μg/mL). All MCEs, regardless of the solvents
used, do not show any cytotoxicity against the Vero cells (Hussein et al.,
2020a,b).

Vero cells are widely used in research as established mammalian cell
lines and have been used as a control normal cell line in the evaluation of
cytotoxic effects (Fern�andez Freire et al., 2009; Sombatsri et al., 2019).
This cell line is usually used in cancer studies (Siddiqui et al., 2019) and
natural product screening tests (Mashjoor et al., 2015; Sit et al., 2018;
Kumarihamy et al., 2019), because of their sensitivity to different types of
microbes, toxins, and chemical complexes. It has also been used as a
substrate for the production of vaccine (Mimeault et al., 2005). It does
not cause tumors at the passage levels used for the production of the
vaccine, although at higher passage levels it may cause a tumor (Szliszka
et al., 2008). The Vero cell lineage is aneuploid and continuous, with
abnormal chromosome number. A persistent cell lineage can be dupli-
cated through many division cycles and it does not become aging (Sigma
Aldrich, 2003). In contrast to the normal mammalian cells, Vero cells
contain little interferon and do not produce interferon-α or β upon virus
infection. However, they still have an α or β interferon receptor, such that
they respond normally when complex interferon is added to the culture
media (Desmyter et al., 1968). Our work proved that the presence of
MCEs reduced the cytotoxicity of TMX or AgNPs against the Vero cells,
whilst at the same time the TMX or AgNPs-MCEs synergistic formulations
improved the cytotoxicity of MCEs on MCF-7 and 4T1 cells (Hussein
et al., 2020a,b,d). This should be of great interest in cancer therapeutics
as the cytotoxicity of TMX on the normal cells has been widely reported
(Salih et al., 2017; Yusmazura et al., 2017).
Figure 1. Morphology of Control cells for (a) MCF-7; (b); 4T1; (c) Vero; and
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3.2. Morphological characterization

Cytotoxic agents have inhibitory effects against the proliferation of
cancerous cells (Pantazis et al., 1995). The changes in the general shape
of cancer cells under the influence of drugs are commonly used as the
basis for evaluating the drug effects (Schempp et al., 2002). The TMXwas
investigated further at IC50 9 μg/mL for MCF-7 (Nigjeh et al., 2013), and
at their respective IC50 values for 4T1 and Vero cells for morphological
characterization. Figure 1a, b, and c show that the MCF-7, 4T1, and Vero
control cells (untreated) appeared connected together, healthy-looking,
and with no necrotic or apoptotic bodies. However, the treated MCF-7
cells with TMX (Figure 1d) and synergistic application (Figure 2)
became lower in cell number, rounded up, smaller size, and detached
with some cells exhibiting membranous blebbing, and apoptotic bodies
seen as circular or oval masses of cytoplasm. The 4T1 (Figures 1e and S1)
and Vero (Figures 1f and S2) cells treated with TMX and synergistic
application also exhibited similar morphologies. These are unique
changes in apoptosis where the nucleus becomes anaphase and dense,
due to the nuclear chromatin condensation (Skerman et al., 2011).
3.3. Flow cytometric analyses

3.3.1. Flow Cytometry – Annexin V
For analyses of apoptosis during the early and late apoptotic stage,

Annexin-V attaches to the PS, the apoptotic biomarker. During the late
stage of apoptosis or necrosis, PI penetrates the cells that have lost
membrane integrity to allow DNA staining (Atasever-arslan et al., 2016).
Four populations of cells are analyzed based on the staining:- unlabeled
(viable cells, Annexin V�/PI�), labeled with Annexin V-FITC only (early
apoptotic, Annexin Vþ/PI�), stained with PI (necrotic, Annexin V�/PIþ),
cells treated with TMX for (d) MCF-7; (e) 4T1; and (f) Vero, after 24 h.



Figure 2. Morphology of MCF-7 cells after 24 h synergistic application (1:3) at the IC50 levels for (a) TMX-N. oculata-CHL; (b) TMX-T. suecica-CHL; (c) TMX-Chlorella
sp.-CHL; (d) TMX-N. oculata-ETH; (e) TMX-T. suecica-ETH; (f) TMX-Chlorella sp.-ETH; (g) TMX-N. oculata-W; (h) TMX-T. suecica-W; (i) TMX-Chlorella sp.-W.
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and bound Annexin V and stained with PI (late apoptotic/necrotic cells,
Annexin Vþ/PIþ) (Skerman et al., 2011; Hajiaghaalipour et al., 2017).
Following the TMX-MCEs (1:3) synergistic treatment in MCF-7 cells,
significant apoptotic activities were observed, especially the late
apoptosis after 24 h with TMX-N. oculata-ETH (41.1 %), TMX-Chlorella
sp.-CHL (36.8 %), TMX-T. suecica-ETH (36.6 %) and TMX-N. oculata-W
(32.8 %). The TMX single application in contrast had resulted in much
lower late apoptotic event (6.6 %). The highest early apoptosis was
registered by the TMX (27.17 %), followed by the AgNPs (25.56 %)
(Hussein et al., 2020a), as compared to the TMX-T. suecica-ETH (17.2 %),
TMX-N. oculata-W (17.1 %), and TMX-Chlorella sp.-ETH (17 %)
(Figure 3a).
6

For 4T1 cells (Figure 3b), significant increase in the late apoptosis
with TMX-T. suecica-ETH (66 %) was recorded, which was much higher
than the TMX alone. The apoptotic events with other synergistic appli-
cations were however slightly lower than the TMX, although still much
higher than the MCEs alone. After 24 h, early apoptosis was the highest
with TMX-N. oculata-W (15.7 %), followed by TMX-T. suecica-CHL (10.8
%). In Vero cell-lines (Figure 3c), the early apoptosis were registered
lower with TMX-T. suecica-ETH (29.8 %) and TMX-N. oculata-ETH (25.9
%), and with no significant increase in the late apoptosis (less than 6.2
%), as compared to the TMX alone (38.4 %).

The synergistic applications of TMX and MCEs were capable of
inducing high early and late apoptosis against MCF-7 and 4T, but not in



Figure 3. Flow cytometric analysis of Control, Chlorella sp.-CHL, TMX and TMX-MCEs synergistic application after 24 h treatment on (a) MCF-7; (b) 4T1; (c) Vero cell-
lines. All treatments show significant differences between the control, single and synergistic application with p < 0.05 (n ¼ 3).
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Vero cells. These can be due to the capability of the synergistic treatment
on the cells to initiate apoptotic mechanisms more readily through
different apoptotic pathways. Other study has shown that the cells in the
late apoptotic phase is significantly enhanced from 0.045 % in the Con-
trol to 45.7 % in the cells treated with TMX after 48 h, confirming
apoptosis in the TMX-treated MCF-7 cells (Rouhimoghadam et al., 2018).
The TMX at 5 μg/mL has been reported to stimulate the induction of
intrinsic Caspase pathway in MCF-7 cells. Majority of anti-cancer drugs
promote apoptosis by inducing the release of cytochrome c and the
expression of Apaf-1 and caspase-9 activities in the mitochondria (Zhou
et al., 2015).

3.3.2. Cell-cycle analyses
Most of anticancer drugs exert their cytotoxic effects at the G1 or G2

stage to inhibit the cell-cycle progression (Goh et al., 2010). If the
7

check-point pathways detect problems in the cell DNA, the cell-cycle may
halt, and the cell makes attempt to repair the damaged DNA or complete
the DNA replication (Hwang et al., 2013). If the damage is beyond repair,
this may lead to the cell-cycle arrest at G0/G1 and G2/M, which can
trigger apoptosis (Kim et al., 2014). In our study, the TMX-MCEs syner-
gistic application on MCF-7 cells showed significant increase in sub-G1
phase from 34 % with TMX, to 40.2 % with TMX-T. suecica-ETH, 39.4
% with TMX-Chlorella sp.-CHL, 38.4 % with TMX-N. oculata-W and 36.3
% with TMX-N. oculata-ETH at 1:3 ratios. There was also a significant
reduction in the G1 and S and G2/M phases of all the treated cells
(Figure 4a).

For 4T1 cells, the TMX single application showed the highest sub-G1
phase (45 %), and a highly increased sub-G1 (22–41 %) in all the TMX-
MCEs treated cells, as compared to 6–8 % with the MCEs as shown in
Figure 4b. For Vero cells, the TMX-MCEs synergistic application showed



Figure 4. Composition of sub-G1, G1, S and G2/M of Control, Chlorella sp.-CHL, TMX and TMX-MCEs synergistic application after 24 h treatment on (a) MCF-7; (b)
4T1; (c) Vero cell-lines. All treatments show significant differences between the control, single and synergistic application with p < 0.05 (n ¼ 3).
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only a slight increase in sub-G1 phase (9–19 %) suggesting lower
apoptosis after 24 h, as compared to the TMX (51 %). There was also an
increase in G1 (40.7–57.1 %), S (13.8–20.8 %), and G2/M phase
(11.4–16.5 %), which were more than the TMX (35.9, 10.5, and 1.8 %,
respectively). Only the TMX-T. suecica-ETH (1:3) (10 %) was slightly
lower than the TMX in S phase (Figure 4c). Previous study shows that the
TMX treatment of the MCF-7 cells after 48 h has resulted in no significant
variations of the cell-cycle phase distribution (G1, S, G2), with an in-
crease in the S (10 %) and the G2 (6 %) phase populations, when
compared to Control. However, the drop in the viability of the cells to
about 50 % after 48 h has been suggested as a result of the TMX medi-
ating to reduce the cell viability, but not the cell cycle arrest (Rouhi-
moghadam et al., 2018).
8

3.3.3. Biomarkers
Significant enhancement of ADP/ATP ratios, after 24 and 48 h,

respectively, was observed in the TMX-MCEs-CHL, ETH, and W treated
cells between 1.5-1.9 and 3.5–3.9 fold, as compared to the TMX alone
(Figure S3). The MCEs may play a role as an excellent carrier system for
the TMX to the target cells resulting in enhanced ADP/ATP ratios, and
therefore improved effectiveness of the TMX-MCEs application. The
highest ADP/ATP ratio, after 24 and 48 h, respectively, was achieved
with TMX-N. oculata-CHL (3.7, 6), TMX-T. suecica-ETH (3.6, 6) and TMX-
T. suecica-CHL (3.5, 5.9) at 1:3 ratios, which was comparable to the TMX
alone (3.4, 5.8). The other synergistic applications exhibited slightly
lower ratios (2, 5.6) than the TMX alone, but still higher than the MCEs
single application. For Vero cells, the significant reduction in ADP/ATP
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ratio with the TMX-MCEs (1:3) treatment at 1–2.4, 1.4–3.4 as compared
to the TMX (3.2, 5.3) further proved the lower apoptotic events
(Figure S3c).

The TMX-T. suecica-ETH showed significant increase, after 24 and 48
h, respectively, in the activity of Caspase (24 � 104, 33 � 104 RLU),
followed by the TMX-N. oculata-W and TMX-Chlorella sp.-CHL (23� 104,
32 � 104 RLU), which were however higher than the TMX alone. The
other synergistic application attained comparable or slightly lower cas-
pase activity than the TMX-treated cells (Figure S4a). For 4T1 cells
(Figure S4b), the TMX-T. suecica-CHL and ETH (1:3) achieved the highest
Caspase activity (29 � 104, 36 � 104 RLU), followed by TMX-N. oculata-
CHL and ETH (25� 104, 31� 104 RLU) and TMX-Chlorella sp.-CHL (24�
104, 29 � 104 RLU), respectively, as compared to the untreated cells,
TMX and MCEs. For Vero cells (Figure S4c), the TMX-MCEs application
showed improved Caspase activities as compared to the untreated cells,
but lower than the TMX single application. These results indicated that
the MCEs had reduced the toxicity of the TMX and the apoptosis in the
non-cancerous Vero cells, with reduced Caspase activity.

3.4. NMR analyses

3.4.1. Assignments of metabolites by 1H NMR spectra
Several researches on marine microalgae have reported a large

number of principal metabolites such as simple sugars, fatty acids, lipids,
and amino acids. There is however incomplete information on microalgal
secondary metabolites. Figure 5 shows the representative spectra of 1H
NMR from different N. oculata, T. suecica, and Chlorella sp solvent ex-
tracts. In general, the spectra of 1H NMR exhibited that of carotenoids,
fatty acids, amino acids, and organic acids. Significant differences were
observed between different solvent extracts in the region δH 0.5–3.2
ppm, which mostly were related to the organic acids and amino acids.
The signals δH 3.2–5.5 ppm were the characteristic signals of the
anomeric and backbone-protons of carbohydrates. Some secondary me-
tabolites such as the polyphenols can be recognized at δH 5.5–10.0 ppm
(Aguilera-S�aez et al., 2019), as well as the characteristic signals of ca-
rotenoids and chlorophyll components at δH 6.0–7.0 ppm, 7.0–8 ppm
and 8.2–10.0 ppm (Chauton et al., 2004). Tables S3 and S4 show the
chemical shifts of 44 identified metabolites of the MCEs samples
extracted with 5 different solvents (MET, CHL, HEX, ETH and W). The
detected metabolites were 9 amino acids including alanine, threonine,
aminolevulinic acid, valine, asparagine, tyrosine, leucine, isoleucine, and
lysine; 1 vitamin (choline); 6 fatty acids (stearic acid, linoleic acid, oleic
acid, glycerol, eicosapentaenoic acid (EPA C20:5) and triglyceride); 1
glucose; 4 carotenoids (fucoxanthin, lutein, β-carotene, and viola-
xanthin); 4 chlorophylls and chlorophyll transformation products
including chlorophyll a, methyl pyropheophorbide, pheophorbide-a and
isochlorin; 8 organic acid derivatives including lactic acid, formic acid,
triethanolamine acid, fumaric acid, phosphatidylcholine, succinic acid,
malonic acid and hydroxyphenyllactic acid; and other metabolite such as
xanthine and unknown compounds.

1. Amino acids

Most of the 1H NMR signals were partially or completely overlapping
because the signals of the metabolites were close to each other. The 1H
NMR spectrum of the MCEs-W exhibited alanine at δH 1.48 ppm (d, J ¼
6.8 Hz), and 3.76 ppm (qt, overlapped). Both N. oculata and Chlorella-
CHL showed threonine at δH 1.30 ppm (d, overlapped). The signals at δH
2.13 ppm (t, J ¼ 2 Hz), 2.68 ppm (t, J ¼ 2 Hz), and 4.09 ppm (s) sug-
gested the presence of aminolevulinic acid in N. oculata-MET, HEX, W, as
well as T. suecica-HEX, and Chlorella sp. HEX, ETH, W. The signals δH
2.29 ppm (m), 1.03 ppm (d, overlapped), and 0.98 ppm (d, overlapped)
showed the presence of valine in MCEs-HEX. Asparagine produced a
signal at δH 2.94 ppm (m), 4.04 ppm (dd, J ¼ 7.6, 4 Hz), 2.84 ppm (m),
and observed in MCEs-MET. Tyrosine was detected in MCEs-CHL and
ETH at δH 6.84 ppm (d, J ¼ 8.4 Hz), 7.15 ppm (d, J ¼ 8.4 Hz), while
9

isoleucine and leucine were detected in MCEs-HEX, and in MCEs-HEX at
δH 0.94 ppm (t, J ¼ 7.6 Hz); N. oculata-ETH at 1.04 ppm (d, overlapped);
and Chlorella sp.-ETH of 0.942 ppm (t, J ¼ 6.8 Hz), 1.7 ppm (m), 3.72
ppm (m). The 1H NMR spectrum of Chlorella sp.-W exhibited the presence
of lysine at δH 3.08 ppm (t, J ¼ 7.2 Hz), 1.5 ppm (m), 1.72 ppm (m), 1.9
ppm (m).

2. Choline and Fatty acids

Choline produced a signal at 3.24 ppm (s), which was observed in
Chlorella sp.-CHL. Choline is an aliphatic monoamine, associated with the
phospholipid, the most popular being phosphotidylcholine (PC) in
microalgae (Ma et al., 2018). The signals at δH 2.51 ppm (t, J ¼ 7.2 Hz),
1.07 ppm (t, J ¼ 6.8 Hz) showed the presence of stearic acid in
N. oculata-CHL, Chlorella sp.-CHL, HEX, ETH, and T. suecica-ETH. Oleic
acid was identified in the MCEs-MET, ETH, W; T. suecica- HEX, ETH and
Chlorella sp.-HEX, ETH at δH 0.85 ppm (t, overlapped), 1.3 ppm (m), 1.60
ppm (m), 2.37 ppm (t, overlapped), and 5.32 ppm (m). Except for
N. oculata-MET, linoleic acid was detected in all MCEs at δH 0.9 ppm (t, J
¼ 6.8 Hz), 1.32 ppm (m), 1.64 ppm (m), 2.07 ppm (m), 2.36 ppm (t,
overlapped), 2.78 ppm (t, J ¼ 5.6 Hz), 5.37 ppm (m). The signals at δH
3.61 ppm (d, overlapped), 3.65 ppm (d, overlapped) were determined as
glycerol, found in Chlorella sp.-CHL and T. suecica-ETH. Glycerol is an
essential component of both neutral lipids and phospholipids, obtained
from direct glycerol pathway or by starch fermentation (Singh et al.,
2005; Sarpal et al., 2016). EPA C20:5 was detected at δH 1.69 ppm (s)
found in MCEs-CHL, HEX, and Chlorella sp.-ETH; and the triglycerides at
δH 4.3 ppm (dd, J ¼ 8, 14.8 Hz), 4.16 ppm (dd, J ¼ 6.8, 12.8 Hz), 5.36
ppm (m), were detected in MCEs-ETH, CHL. Triacylglycerides (TAG) are
the essential lipid storage in microalgae (Zhang et al., 2016).

3. Glucose

The 1H NMR spectra of MCEs-ETH, N. oculata-MET and Chlorella sp.-
MET, CHL exhibited the presence of glucose signals at δH 5.18 ppm (d, J
¼ 3.6 Hz), and 4.53 ppm (d, J ¼ 8.4 Hz).

4. Carotenoids

Four carotenoids were identified (Table S3). The signals at δH 6.44
ppm (d, J ¼ 12 Hz), 6.55 ppm (m), 6.38 ppm (d, J ¼ 16.4 Hz), 7.20 ppm
(d, overlapped), 6.23 ppm (s), 6.29 ppm (d, J ¼ 12 Hz), 6.12 ppm (d,
overlapped) were those of fucoxanthin, found in MCEs CHL and ETH.
Lutein was detected only in Chlorella sp.-CHL at δH 3.99 ppm (m), 6.67
ppm (m), 6.63 ppm (m), 6.24 ppm (d, J ¼ 11 Hz), 6.38 ppm (d, J ¼ 16
Hz), 6.16 ppm (m),1.68 ppm (s), 1.93 ppm (s). The 1H NMR spectrum of
MCEs-CHL, HEX, and Chlorella sp.-ETH exhibited violaxanthin at δH 1.14
ppm (s), 1.94 ppm (s), 3.87 ppm (m), 6.23 ppm (d, J ¼ 10 Hz), 6.58 ppm
(d, overlapped). β-carotene was detected in MCEs-CHL, ETH; N. oculata-
HEX, MET; T. suecica-MET and Chlorella sp.-HEX at δH 1.27 ppm (s), 1.86
ppm (s), 2.02 ppm (t, J ¼ 7.2 Hz), 2,31 ppm (s), 6.26 ppm (d, over-
lapped), 6.63 ppm (d, overlapped).

5. Chlorophylls

The chlorophyll was identified as chlorophyll a at δH 9.48 ppm (s),
observed in MCEs-CHL and MET. The chlorophyll transformation prod-
ucts were determined in MCEs-CHL as methyl pyropheophorbide at δH
9.44 ppm (s), 9.35 ppm (s), 3.65 ppm (s), N. oculata and Chlorella sp.-CHL
as pheophorbide –a at δH 9.57 ppm (s), 9.73 ppm (s), 8.71 ppm (s), 3.27
ppm (s), 3.73 ppm (s) and MCEs CHL, MET as isochlorin at δH 3.62 ppm
(s), 9.58 ppm (s), 8.99 ppm (s). However, signals at δH 9.96 ppm (s), 9.91
ppm (s), 8.81 ppm (s), 8.30 ppm (s) which was assigned to chlorophyll c1,
and at δH 10.02 ppm (s), 10.39 ppm (s) assigned to chlorophyll c2, as
observed in MCEs-CHL and MET, were also detected. We could only
speculate that these signals, suggesting the presence of chlorophyll c,



Figure 5. Representative 400 MHz 1H Nuclear Magnetic Resonance (NMR) spectra of (a) N. oculata; (b) T. suecica (c) Chlorella sp., extracted by 1) MET; 2) CHL; 3)
HEX; (4) ETH; (5) W.
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were artefacts. Chlorophyll a is found in all higher plants, algae and
cyanobacteria, while chlorophyll b is found in higher plants and specif-
ically in green algae. However, chlorophyll c is unique to diatoms, di-
noflagellates and brown algae, while chlorophyll d is only specific to red
algae (Patel, 2011).

6. Organic acids

The 1H NMR spectrum of MCEs-CHL, MCEs-W, T. suecica-MET,
Chlorella sp.-MET, ETH; and, N. oculata and Chlorella sp.-CHL exhibited
formic acid at δH 8.41 ppm (s) and lactic acid at δH 4.1 ppm (m), 1.33
ppm (d, J ¼ 8.8), while the triethanolamine was identified at δH 3.88
ppm (s), 3.4 ppm (s), displayed in N. oculata-CHL and MCEs-MET.
Fumaric acid was detected at δH 6.55 ppm (s) in MCEs-W; and
N. oculata and T. suecica-CHL; and phosphatidylcholine at δH 3.17 ppm
(m), 4.16 ppm (m) in MCEs-CHL, ETH, MET. Succinic acid was detected
at δH 2.33 ppm (s) in T. suecica and Chlorella sp.-CHL; and N. oculata and
Chlorella-ETH; malonic acid at δH 3 ppm (s) in MCEs-ETH, Chlorella sp.-
HEX, and N. oculata and Chlorella sp.-CHL; and hydroxyphenyllactic acid
at δH 7.22 ppm (d, J ¼ 8) in N. oculata and T. suecica-CHL and Chlorella
sp.-W.

7. Unknown compounds

The 1H NMR spectrum of MCEs-ETH and Chlorella sp.-CHL showed
xanthine at δH 7.89 ppm (s). The other unknown compounds were
detected at δH 7.09 ppm (d, J ¼ 7.6 Hz) which appeared in Chlorella sp.-
CHL only; 7.74 ppm (m), 7.68 ppm (m) were displayed in MCEs-ETH and
Chlorella sp.-CHL, MET; 9.87 ppm (s) found in MCEs-CHL, ETH; 1.56 ppm
(d, J ¼ 7.6 Hz) found only in Chlorella sp. and T. suecica-ETH; 1.82 ppm
(s) detected in Chlorella sp. and T. suecica-ETH and N. oculata-MET; 1.24
ppm (s) found in Chlorella sp.-HEX, MET; N. oculata-MET and T. suecica-
W; 10.22 (s) detected inMCEs-W,N. oculata and T. suecica-ETH, T. suecica
and Chlorella sp.-CHL; and the last metabolite at δH 2.19 ppm (t, J ¼ 7.6
Hz) identified only in Chlorella sp.-HEX. The 1H NMR spectrum of Ulva
fasciata extracts exhibit a mix of fatty acids and triacylglycerols as the
main compounds. Triacylglycerols 1H signals are observed at δH 5.36
ppm (m), 4.29 ppm (dd, J ¼ 7.4; 14.6 Hz), and 4.16 ppm (dd, J ¼ 6.0;
12.4 Hz). The mixture of fatty acids is detected at 0.88 ppm (t, J ¼ 7.2
Hz), 2.31 ppm (t, J ¼ 7.4 Hz), 1.60 ppm (m), 2.80 ppm, 2.02 ppm, 1.26
ppm (bs). The δH 0.65 ppm (s), 0.92 ppm (s) and 1.0 ppm (s) suggested a
little amount of sterols in the MCEs (Mendes et al., 2010).

In general, there are some unique metabolites detected in specific
microalgae, as shown in Table S5, which can be correlated to their bio-
activities during synergistic application with TMX. The uniqueness was
determined based on the spectral identification of the metabolite from
Table S3 and S4, and summarized as shown in Table S5, based on the
metabolites not found in all of the extracts and species. Some were
detected only in one extract and one species like triethanolamine and
threonine in N. oculata-CHL, malonic acid in Chlorella sp.-ETH, lysine in
Chlorella sp.-W, and choline and lutein in Chlorella sp.-CHL. Other me-
tabolites were detected only in one extract of all species like alanine and
fumaric acid (W extracts of all species), or detected in one extract of two
species such as isoleucine (N. oculata and Chlorella-ETH), methyl pyro-
phaeophoribide and hydroxyphenyllactic acid (N. oculata and T. suecica-
CHL), or only in two extracts of two or three species such as tyrosine
(N. oculata, Chlorella sp., T. suecica-CHL and ETH), fucoxanthin
(N. oculata and T. suecica- ETH and CHL and Chlorella sp. ETH), tri-
glycerides and tyrosine (N. oculata, Chlorella sp. and T. suecica-CHL and
ETH).

3.4.2. Classification based on MCEs by Principal Component Analysis
(PCA)

Multivariate Data Analysis analyses the differences in metabolites in
different extracts from the three microalgae species. The PCA score plot
(Figure 6a and b) shows that 36 samples of N. oculata and T. suecica were
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clustered into three and four groups, respectively, with R2X cum and Q2
cum values of 0.999 and 0.994; and 0.999 and 0.995, respectively
(Table S6), and there was no indication of strong outliers. The metabolite
profile ofN. oculata and T. suecicawas differentiated from each other, and
the CHL and HEX were well detached based on the first principal
component (PC1). The spectral signals for MET and ETH, as well as the
CHL and HEX, were found in the same cluster due to the same polarity,
suggesting similar chemical profiles.

The loading-plot with PC1 and PC2 for N. oculata (Figure 6d) high-
lights the possible marker metabolites responsible for aggregation.
Table S7 shows the numbering and the assigned metabolites for the
loading plot. The HEX and CHL had significantly higher amounts of fatty
acids, carotenoids, and amino acids than the polar MET and ETH. The
carotenoids were β-carotene and violaxanthin, and the amino acids were
isoleucine, valine and leucine. The fatty acids identified included linoleic
acid, oleic acid, EPA and triglyceride. The ETH, MET and W extracts
consisted mainly of glycerol, glucose, fumaric acid and triethanolamine.
The loading plot of T. suecica (Figure 6e) shows that the HEX and CHL
had greater amounts of carotenoids (violaxanthin, fucoxanthin, lutein
and β-carotene), chlorophyll (chlorophyll a), amino acids (alanine,
tyrosine, valine, asparagine, threonine and leucine) and fatty acids
(stearic acid, oleic acid, linoleic acid, EPA, triglyceride, and glycerol), as
compared to the other extracts.

For Chlorella sp., the PCA score plot revealed the 36 samples grouped
into five groups which attained R2X cum and Q2 cum values of 0.995 and
0.989, respectively (Table S6). The MET and ETH were well detached
from the CHL, W and HEX by PC1 (Figure 6c). The loading plot
(Figure 6f) shows that the ETH and MET had greater amounts of carot-
enoids (β-carotene, fucoxanthin, violaxanthin, and lutein), chlorophyll
(chlorophyll a, and chlorophyll products (methyl pyrophaeophoribide,
pheophorbide–a)), amino acids (tyrosine), organic acid (formic acid) and
others (xanthine), as compared to the other extracts. The CHL and W
were mainly having methyl pyrophaeophoribide and fumaric acid.

3.4.3. Relative quantification of metabolites
The detected metabolites (the peak area intensity) were further

quantified by the Analysis of Variance (ANOVA) to evaluate the signifi-
cance of differences in different species and extracting solvents. The
metabolites with Variable-Importance-in-Projection (VIP) value (the
metabolites with a higher rating) were checked if they could influence
the assembly of the X-variable (the identified metabolites) in the PCA
loading-plot (Ginsburg et al., 2011). Figure 7 shows the profile of the
compounds and their relative amounts in different MCEs. For CHL
(Figure 7a), T. suecica exhibited higher andmore significant amount of all
metabolites. Only lactic acid and valine were detected higher in
N. oculata. Figure 7b shows that only β-carotene was higher in
T. suecica-HEX, while the other metabolites were more comparable be-
tween N. oculata-HEX and T. suecica-HEX. For MET and ETH (Figures 7c
& 7d), Chlorella sp. exhibited significantly higher amount of β-carotene
(δH 1.22 ppm), oleic acid (δH 1.26 ppm), linoleic acid (δH 1.3 ppm),
alanine (δH 1.5 ppm), triglycerides (δH 5.38 ppm), lactic acid (δH 4.1
ppm) isoleucine (δH 0.94 ppm), valine (δH 2.3 ppm), violaxanthin (δH
1.1 ppm), leucine (δH 1.7 ppm) and EPA (δH 1.66 ppm), in comparison to
N. oculata and T. suecica.

Based on the relative quantification from different solvent systems
(Figure S5), N. oculata-HEX was unique in having significantly higher
quantities of β-carotene, oleic acid, and isoleucine, while the N. oculata-
CHL contained only slightly higher levels of violaxanthin, and EPA, with
comparable level of linoleic acid between N. oculata-CHL and HEX ex-
tracts (Figure S5a). For T. suecica (Figure S5b), the CHL extract showed
significantly higher amount of oleic acid, linoleic acid, triglyceride and
EPA in comparison to the other extracts, while the HEX extracts were
significantly higher in β-carotene. For Chlorella sp. (Figure S5c), the ETH
extract was characterized by significantly higher amounts of β-carotene,
oleic acid, linoleic acid, isoleucine, violaxanthin, triglyceride, stearic acid
and EPA. The MET extracts showed higher β-carotene, oleic acid and



Figure 6. Score plot (a, b, c) and Loading plot (d, e, f) of Principal Component Analysis (PC1 versus PC2) of N. oculata, T. suecica, and Chlorella sp. The plot ellipse
represents 95 % hotelling T2 confidence. C: CHL; E: ETH; H: HEX; M: MET; W: water.
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Figure 7. Relative quantification of the identified β-carotene, oleic acid, linolenic acid, alanine, lactic acid, isoleucine, valine, violaxanthin, triglyceride, leucine and
EPA of microalgae species based on the mean peak area of 1H NMR signals for (a) CHL; (b) HEX; (c) MET; (d) ETH. The chemical shifts (ppm) used for the relative
quantification are β-carotene (1.22), oleic acid (1.26), linolenic acid (1.3), alanine (1.5) triglyceride (5.38), lactic acid (4.1), isoleucine (0.94), valine (2.3), viola-
xanthin (1.1), leucine (1.7) and EPA (1.66). Data presented are based on the mean of six replicates for each of the microalgal species (N. oculata, T. suecica and Chlorella
sp.) � standard deviation (SD). Significant level: 0.010 < p < 0.05, significant *; 0.001 < p < 0.010, very significant**; and p < 0.001, highly significant ***.
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linoleic acid, in comparison to other extracts, although still lower than
the ETH. However, the number of metabolites were lower in all W ex-
tracts. Based on the PCA, theW extracts (Figure S6) showed less variation
in the constituents with similar metabolite profile in all microalgal spe-
cies. The non-polar solvents such as CHL and HEX, and the polar solvents
such as ETH and MET, had similar chemical profiling. It appears that the
CHL and HEX were more effective with T. suecica and N. oculata which
were of the marine origin, while the ETH and MET were more effective
with Chlorella sp., which was of the freshwater origin.

Table S8 showed the significant difference in solvent extracts of
N. oculata. β-carotene was highly significant (p < 0.0001) in all extracts,
especially in comparison to the MET vs CHL extracts. Similarly, oleic
acid, linolenic acids and isoleucine were significantly higher (p <

0.0001) in all extracts, while the violaxanthin were highly significant (p
< 0.0001) in the CHL and ETH, and significant (p< 0.01) in the HEX and
MET extracts. The triglyceride showed significant differences between
HEX andW (p< 0.01) extracts, and when compared to the other extracts.
Stearic acids were highly significant (p < 0.0001) in CHL, HEX, ETH and
very significant (p < 0.001) in ETH and HEX, and the EPA was highly
significant (p < 0.0001) in CHL and very significant (p < 0.01) in HEX.
However, isoleucine and linolenic acids showed no significant differ-
ences between MET and ETH extracts. For T. suecica, β-carotene was
highly significant (p< 0.0001) in all extracts, but the CHL vs ETH showed
significant (p< 0.01) and the MET vs CHL extracts showed no significant
differences. Oleic acid and linolenic acids were significantly higher (p <

0.0001) in all extracts, while the isoleucine exhibited no significant in
MET vs ETH, MET vs W and CHL vs HEX. Violaxanthin was significant (p
< 0.01) in the MET vs CHL and HEX vs W, and very significant (p <

0.001) in the HEX vs CHL extracts. The triglyceride showed higher
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significant differences (p < 0.0001) in MET and CHL extracts than the
other extracts. Stearic acids were significant (p < 0.05) in CHL and HEX,
while the EPA was significant (p< 0.01) withMET and CHL. For Chlorella
sp., β-carotene, oleic acid and linolenic acids were highly significant (p <
0.0001) in all extracts. The isoleucine were significantly higher (p <

0.0001) in all extracts, but showed no significant differences between
MET and CHL extracts. However, ETH extracts showed highly significant
(p < 0.0001) amount of violaxanthin, triglyceride, stearic acids and EPA,
in comparison to the other extracts.

4. Discussion

Cancer prevention through effective cancer chemotherapeutic is an
important route to combat cancer (Sharif et al., 2014). Chemotherapeutic
agents can be selectively toxic to cancer cells as they enhance the
oxidative stress to the already exhausted cells beyond their limit
(Moungjaroen et al., 2006). Table 2 shows the IC50 values of TMX
single-application against various cell-types. At 50 μM TMX, the Chinese
hamster lung fibroblasts (V79) shows 21.6 % of the cells exhibiting
apoptosis (Petinari et al., 2004). TMX also achieves the lowest IC50

against HeLa and Vero cells, which explains the side-effects related to
TMX treatment in cancer patients (Yusmazura et al., 2017). The systemic
complications could be reduced through the use of lower TMX dose and a
better delivery system to improve its efficiency in breast cancer treatment
(Akim et al., 2013). The incorporation of TMX into Nanostructured Lipid
Carrier (NLC), for example, decreases the peripheral distribution and
increases the localization on the tumor site (How et al., 2013). The IC50 of
TMX-NLC and TMX on MCF-7 cell-lines are 5.56 μg/mL and 2.72 μg/mL
respectively; while on 4T1 cell lines are 5.19 μg/mL and 5.13 μg/mL,



Table 2. IC50 values of TMX single application against different cell-lines.

Treatments IC50 Treatment
time (h)

Cell
type

References

TMX 12.59 μM 48 MCF-7 Petinari et al.
(2004)ND Vero

TMX 2.72 μg/
mL

72 MCF-7 How et al.
(2013)

TMX 5.13 μg/
mL

4T1

TMX-Nanostructured
lipid carrier (NLC)

5.56 μg/
mL

MCF-7

TMX-Nanostructured
lipid carrier (NLC)

5.19 μg/
mL

4T1

TMX 2.2 �
0.029 μg/
mL

72 Vero Yusmazura et al.
(2017)

TMX 1.25 μg/
mL

44 MCF-7 Salih et al.
(2017)

TMX 2.3 μg/mL Vero

TMX 4.506 μg/
mL

24 MCF-7 Hassan et al.
(2018)

TMX 8.0 � 0.7
μM

24 MCF-7 Perry et al.
(1995)
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respectively. The low cytotoxic activity of blank NLC suggests that the
cytotoxicity is principally due to the TMX in the NLC, and the TMX
formulated into the NLC has similar overall performance against the
MCF-7 and 4T1 cells (How et al., 2013). The major challenge is however
in retaining the cytotoxic activity against the cancer cells, without
causing any threat to the normal cells. Also challenging is in determining
the cellular toxicity mechanism as to whether it is by apoptosis or ne-
crosis (Reyna-Martinez et al., 2018).

Biocompounds from microalgal and plant extracts can be potentially
used as complementary therapeutics against cancer and tumor cells with
lower or no side-effects, and are generally regarded as safe and (Abdullah
et al., 2016, 2017; Abdullah and Hussein, 2021). Microalgal species such
as N. oculata (Ochrophyta, Eustigmatophyceae), T. suecica (Chlor-
ophyceae) and Chlorella sp. (Chlorellaceae), have been developed for
nutraceutical, functional food, pharmaceuticals, and biochemical re-
sources, in addition to bioenergy, environmental remediation and animal
feed applications (Abdullah et al., 2016, 2017; Abdullah and Hussein,
2021). The synergistic application of microalgal bioactive compounds
with chemotherapeutic drugs is therefore highly relevant to be explored
in clinical setting. Seaweed compounds in combination with anticancer
drugs through various mechanisms have exhibited beneficial effects and
is a promising strategy to treat breast cancer cells (Malh~ao et al., 2021).
Apoptosis and cell cycle arrest are two essential mechanisms by which
anticancer agents exert their anti-proliferative effects on cancer cells.
While apoptosis could completely eliminate the cancer cells from the
body, cell cycle arrest prevents the division of such cancerous cells. In our
study, we have proven that the TMX-MCEs synergistic application trig-
gered both apoptosis (Annexin V) and cell cycle arrest at sub-G1 in the
breast cancer cells with lower toxicity in non-cancerous Vero cells. The
apoptosis was confirmed by increased activities of Caspase 3/7 and
ADP/ATP ratio.

The anti-tumor activity of microalgal metabolites can be attributed to
the lipophilicity of some compounds to travel across the lipophilic
membranes and potentially react with the apoptotic proteins. Combined
therapy of drugs with a carrier or natural products such as MCEs is
attractive as it may improve the penetration of drugs into the tumor cells,
and enhance their ability to target the tumor site, with reduced side ef-
fects against the normal, healthy cells (Abdullah et al., 2014; Gul-e-Saba
and Abdullah, 2015; Hussein and Abdullah, 2021). In this case, the newly
developed TMX-MCEs formulation, not only retains the cytotoxicity
against breast cancer cells, but also with potentially reduced side-effects.
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The new formulations based on ETH and W crude extracts of N. oculata,
T. suecica and Chlorella sp. with TMX at the correct dosage, ratios and
duration of treatment, showed strong cytotoxicity against MCF-7 and 4T1
cells, similar to or better than the single TMX and the MCEs-CHL, but
with reduced cytotoxicity on the Vero (normal) cells (Table 1, Figure S7).
The use of MCEs could achieve the optimum dosage and loading in a
carrier for lower cytotoxicity of TMX against the normal healthy cells,
whilst retaining the potency to kill cancer cells. These unique properties
of the formulation can be harnessed and explored with different drugs for
general and specific cancer therapeutic or other applications.

The different and unique metabolites in microalgae play major roles
in conferring their specific bioactivities. Primary metabolites provide the
needs of physiological activities and act as precursors for secondary
metabolites synthesis (Gao et al., 2019). Secondary metabolites depend
on environmental signals and a number of stimuli such as media culture,
cultivation condition, ambient temperature, pH, carbon, nitrogen, and
light (Keller et al., 2005; Chiang et al., 2009). These structurally different
types of bioactive compounds have affinity/solubility with solvents of
different polarity. Different solvent extracts result in the extraction of
different compounds as well as the total extracts of varying quantities.
Although methanol is a good organic solvent to extract most of the
compounds, it is not as polar as water. Ethanol is highly polar, attribut-
able to the OH group, and its high electro-negativity of oxygen allows
hydrogen bonding especially to other ionic and polar molecules. As the
ethyl group (C2H5) is nonpolar, ethanol could also attract the nonpolar
molecules. Ethanol can therefore dissolve both non-polar and polar
compounds (Easy Chem, 2013; Saleh, 2016). Hexane and chloroform are
non-polar solvents which extract non-polar compounds, but as chloro-
form has some polarity, it can dissolve metabolites ranging from
moderately polar to moderately non-polar (Saleh, 2016; Azizan et al.,
2018).

Metabolite profiling via metabolomics approach is a great tool in
identifying and selecting fractions/extracts for chemical identification
and characterization (Wu et al., 2015). 1H NMR is an ideal and robust
technique for metabolite profiling such as in the analyses of 45 metab-
olites (Arora et al., 2018), and 50 metabolites (Anderson et al., 2018), in
different biosystems. PCA explores the metabolic differences in NMR
spectra and compares the difference between samples (Costa et al.,
2019). Low concentration and the presence of major number of metab-
olites however could make the spectrum overcrowded. Many metabolites
are produced at low amount in microalgal species, and solvent extraction
technique and the overlapping of these compounds with other com-
pounds, or their possible involvement in other more complex metabolic
processes either de novo synthesis or transformation from/into other
metabolite, may render them undetectable. These metabolites could be
important for environmental adaptation (Gao et al., 2019). It is this loss
of spectral accuracy due to the sample homogeneity which limits the
monitoring of the carotenoids in the vegetables (Sivathanu and Pala-
niswamy, 2012).

The fluctuation of metabolite levels in microalgae can be influenced
by the product transformation and biocatalysis. Fatty acid such as oleic
acid is considered as the principal bioactive compound extracted from
C. vulgaris (De Morais et al., 2015). The transformation of stearic acid to
linoleic acid by oleic acid has been reported to reduce the level of stearic
acid in subsequent stages of C. saccharophila cultivation (Singh et al.,
2013). In Chlorella pyrenoidosa, the amino acid profiles include trypto-
phan, phenylalanine, lysine, methionine, valine, leucine, isoleucine,
threonine, and histidine. The variations in the level of proteins in
C. pyrenoidosa and C. vulgaris could reduce the amount of lysine, aspar-
agine, glutamine and the total amino acids (Safafar et al., 2016). In our
study, the significant amount of carotenoids, chlorophyll, pigments, fatty
acids and amino acids in the MCEs indicate their potential as the sources
of antioxidant and anti-cancer compounds. Pigments such as carotenoids
and chlorophyll are detected more in C. vulgaris than in Spirulina platensis
(cyanobacteria). Chlorophyll a is known as the main pigments that
transform photons into chemical energy. Chlorophyll is a polar



H.A. Hussein et al. Heliyon 8 (2022) e09192
compound, and when the amount of water is small or absent in the
mobile phase, their separation will not be complete. The organic mobile
phase is actually suitable for the separation of pure carotenoids, instead
of carotenoids and chlorophyll. Hence, saponification of carotenoids and
chlorophyll has to be carried out in the extraction. This is also the reason
not all chlorophyll compounds are detected in some microalgal extracts
(Hynstova et al., 2018).

Carotenoids (fucoxanthinol, halocynthiaxanthin, and fucoxanthin
and its metabolites) exhibit anticancer, antioxidant, anti-inflammatory,
anti-obesity and antidiabetic effects and can reduce heart disease (Mar-
tin, 2015; Chuyen and Eun, 2017). The antioxidant and anticancer ac-
tivity of N. oculata and Chlorella sp.-CHL (Hussein et al., 2020b) may be
attributable to the presence of choline, vioxanthine and hydrox-
yphenyllactatic acid. Many isolated compounds from algae, such as
bromophenol, phlorotannins and sterols, have also shown high inhibi-
tory activity (Ezzat et al., 2018). The pheophorbide a (PPB a) is a chlo-
rophyll product with high inhibition activity and could promote
apoptosis against human lymphoid leukemia Molt 4B cells better than
chlorophyll a (Hibasami et al., 2000). Several flavonoid-like compounds
such as 6-prenylapigenin 2, 6,8-diprenyleriodictyol (3), gancaonin Q 1,
4-hydroxylon-chocarpin (4), isolated from Dorstenia genus, have exhibi-
ted anti-proliferative effects against solid and leukemia cells, and also
normal hepatocytes AML12, by cell-cycle arrest, and inducing apoptosis,
caspase 3/7 and antiangiogenic activities (Kuete et al., 2011).

The diverse spectrum of metabolites such as carotenoids, phenols,
protein, polysaccharide, flavonoids, and fatty acids, with varied bio-
activities suggest the potential of microalgae to be used as the sources of
adjuvants. Since the activity of TMX in the TMX-MCEs is well-preserved,
the synergistic applications can be harnessed as a novel drug delivery
system to treat breast cancer. The different metabolites detected in the
MCEs may improve the effectiveness of TMX-MCEs and provide addi-
tional cytotoxicity to target cancer cells, with reduced toxicity against
normal cells. Further study is needed to evaluate the effective concen-
trations of TMX-MCEs formulation in cancer-induced animal model,
before implementation to attain clinically achievable concentrations of
TMX and MCEs when administered in humans. The culturing of micro
and macroalgae, and increased sampling efforts in extreme or diverse
habitats open upways for the discovery of new species or new anti-cancer
agents (Abdullah et al., 2017; Shah and Abdullah, 2018). In combination
with technological advancements in genome sequencing and transcrip-
tion, identification of new species as a source of biocompounds, and
assignment of unknown genes to specific metabolic pathways/or func-
tions could be developed (Martínez Andrade et al., 2018). With
increasing interest in biopharmaceuticals, and a healthy and functional
food as a source of medication and therapeutics, this fundamental un-
derstanding may lead to a systems-wide optimization for efficient pro-
duction, effective therapeutic strategies and safe applications in cancer
treatment.

5. Conclusions

The use of ETH and W as green solvents for the production of MCEs
and the incorporation in the TMX-MCEs formulation could pave the way
for the green production route of natural product as an adjuvant to
conventional drug formulation. The TMX:MCEs-ETH at 1:2 and 1:3 ratios
showed the IC50 values of 16.98–26.91 μg/mL against MCF-7;
13.8–20.41 μg/mL against 4T1; and 24.54–38.9 μg/mL on Vero cells.
For W, the IC50 values were 15.84–29.51 μg/mL against MCF-7;
21.37–31.62 μg/mL on 4T1; and 42.65–85.11 μg/mL on Vero cells.
The TMX-MCEs synergistic application exhibited insignificant or lower
apoptotic activity against non-cancerous Vero cells, but higher early and
late apoptotic events against MCF-7 and 4T1 cells than the control and
TMX single-applications. The cell-cycle analysis suggested apoptotic in-
duction with significant enhancement of events in sub-G1 phase with
increased Caspase 3/7 and ADP/ATP ratio, especially with TMX-T sue-
cica-ETH. The 1H NMR metabolomics analyses identified forty-four
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metabolites of different classes including amino acids, vitamins, fatty
acids, glucose, carotenoids, chlorophyll and chlorophyll transformation
products, an organic acid derivative, and others such as xanthine and
unknown compounds. The PCA showed pronounced samples clustering
for the three microalgae species and different solvent systems with their
respective metabolites, to support the association of the tentatively
identified compounds with their anticancer activities. The T. suecica-CHL
and HEX exhibited higher amount of metabolites, followed by N. oculata-
CHL and HEX, and Chlorella sp.-ETH and MET. Some unique metabolite
such as alanine was detected only in the MCEs-W; lysine only in Chlorella
sp.-W; and isoleucine in MCEs-HEX, Chlorella sp.-ETH, and N. oculata.
The tyrosine, triglycerides, and fucoxanthin were detected in the MCEs-
ETH and CHL; glycerol in T. suecica-ETH and Chlorella sp.-CHL; xanthine
in MCEs-ETH and Chlorella sp.-CHL; and succinic acid only in Chlorella sp.
andN. oculata -ETH, and Chlorella sp. and T. suecica-CHL. Themetabolites
detected in the MCEs may improve the effectiveness of TMX-MCEs and
provide not only cytotoxicity to the target cancer cells but also reduced
toxicity on the non-cancerous cells. The toxic side-effects of the con-
ventional drug such as TMX during cancer treatment can therefore be
reduced without losing their therapeutic efficacy. This study could pave
the way for increased use of microalgae for biopharmaceuticals and
functional food industries.
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