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Abstract

Background: Microalgae is one of the major sources of natural compounds with antimicrobial activity. The metabo-
lite profiling of the extracts could identify the bioactive compounds based on methanol (MET), ethanol (ETH),
chloroform (CHL), hexane (HEX) and water (W) solvent systems. The microalgal crude extracts in co-application with
silver nanoparticles (AgNPs) had enhanced antimicrobial activity with potential to overcome the global problem of
microbial antibiotic resistance.

Results: Chlorella sp. exhibited the highest lipid, N. oculata the highest total saturated fatty acids (TSFA), and T. suecica
the highest mono-unsaturated (MUFA) and poly-unsaturated fatty acids (PUFA). The highest carbohydrate, protein
and total phenolics contents (TPCs) were attained by N. oculata. The highest total flavonoids contents (TFCs), and
chlorophyll a and b were in T suecica, while comparable level of carotenoids were found in all species. For high-perfor-
mance thin-layer chromatography (HPTLC) analyses, the eicosapentaenoic acid (EPA) with high peaks were detected
in T. suecica-HEX and N. oculata-CHL; and B-carotene in Chlorella sp-ETH. The gas chromatography—-mass spectrom-
etry (GC-MS) analyses showed high 13-docosenamide (2)- in T. suecica-HEX; phytol in N. oculata-HEX; and neophyta-
diene in Chlorella sp-ETH. The AgNPs—MCEs-MET and HEX at the 1.5:1 ratios exhibited strong activities against Bacillus
subtilis, Streptococcus uberis, and Salmonella sp.; and the AgNPs-T. suecica-HEX and MET and AgNPs—Chlorella sp.-HEX
at the 1.5:1 ratios exhibited activities against Klebsiella pneumoniae.

Conclusion: Different bioactive components were detected in the MCEs based on the HPTLC and GC-MS analyses.
Significant antimicrobial activities against the pathogenic microbes were demonstrated by the synergistic effects

of the MCEs in co-application with the AgNPs. This could be beneficial in the fight against sensitive and multidrug-
resistant bacteria.
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Introduction

Microalgae could provide a viable molecular pharming

system to produce new compounds because of the ease

of cultivation and rapid evolution, a short period of time
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survive in controlled conditions in the bioreactors for the
homogeneity of protein, antibiotics, and phytochemicals
synthesis (Jayshree et al. 2016). Among these, Nannochlo-
ropsis sp., belonging to Eustigmatophyceae, and a mono-
cellular green alga, plays essential role in the food chain
system. Rounded in shape, with a diameter of 2-5 pm,
Nannochloropsis sp. is usually utilized as a live feed
in shrimp farms and fish hatcheries (Gwo et al. 2005).
Tetraselmis suecica (Chlorophyceae), a green marine
microalgae, is rich in tocopherols, chlorophylls, and
carotenoids (Pérez-16pez et al. 2014). It is also applied in
aquacultures as a feed for crustacean larvae and mollusks
(Zittelli et al. 2006) or probiotic for fish (Irianto and Aus-
tin 2002), or human diets (Carballo-Cardenas et al. 2003).
Chlorella sp. is a unicellular photosynthetic microalgae
that contains lutein, essential carotenoids such as caro-
tene, and chlorophyll (green photosynthetic pigments)
in its chloroplast (Young and Britton 2012). Chlorella sp.
produces secondary metabolites such as polysaccharides
which is a dietary fiber, with specific functions in the
human digestive system (Ibafez et al. 2012).

The search for new sources of phytoconstituents such
as antioxidants and anti-microbes from microalgae has
gained momentum (Maadane et al. 2015; Azim et al.
2018). The microalgal antimicrobial activity is contrib-
uted by several bioactive molecules such as fatty acids,
terpenes, indoles, acetogenins, volatile halogenated
hydrocarbons, and phenols. The antimicrobial effect of
Chaetoceros muelleri is suggested due to the lipid for-
mation, while the antimicrobial activity of Dumnaliella
salina is attributable to the fatty acids or neophytadiene,
a- and B-ionone, B-cyclocitral and phytol (Amaro et al.
2011). For the detection and profiling of these bioactive
compounds, the HPTLC is a suitable screening method
and essential for routine pharmacokinetics analysis. The
main advantage is its capability to analyze multiple sam-
ples by utilizing a little amount of mobile phase, resulting
in reduced cost of analysis, time, and risk of exposure to
toxic organic effluents, thus minimizing the possibility of
environmental pollution (Murugesan and Bhuvaneswari
2016). The GC-MS is also a widely used method, inte-
grating high separation capacity and capillary GC accu-
racy for complex metabolite profiling, with high level of
sensitivity for mass selective detection (Kapoore 2014).

The silver nanoparticles (AgNPs) possess unique
electronic, chemical, magnetic and optical characteris-
tics which are different from the bulk metals (Das et al.
2011). The biological synthesis of AgNPs is preferred
due to its low cost, high yield, and eco-friendly pro-
cess, using biological sources such as bacteria, fungi,
yeast, virus, algae or plants (Soliman et al. 2018). Green
AgNPs have great potentials as cytotoxic agents against
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different types of cancer cell-lines (Sunita et al. 2015).
The shape of the AgNPs such as spherical, rod-like and
triangular shape could influence the antimicrobial activ-
ities (Pal et al. 2007). The AgNPs may get involved in the
inhibition of protein synthesis by preventing the many
translation factors. The strong affinity of the AgNPs
towards the thiols group within the proteins may cause
the protein chain to unfold leading to protein degra-
dation (Velusamy et al. 2016; Soliman et al. 2018). The
combination of AgNPs with sub-lethal concentrations
of antibiotics have reportedly significantly improved the
cell death and the reactive oxygen species (ROS) pro-
duction as compared to the antibiotics or AgNPs alone
(Gurunathan et al. 2014).

The AgNPs—MCEs co-application has been recently
developed as a novel therapeutic formulation to kill
cancer cells without affecting the non-cancerous healthy
cells (Hussein et al. 2020a, b). The AgNPs—MCEs co-
application at the 1.5:1 and 2:1 ratios exhibited cyto-
toxicity on the breast cancer (MCF-7 and 4T1), but not
the non-cancerous (Vero) cells (Hussein et al. 2020a,
b). The ratios (1.5:1 and 2:1) were therefore selected
for further evaluation on the antimicrobial activities at
500 pug/mL concentration. The hypothesis of the study
is that the effectiveness of the microalgal antimicrobial
activities could be enhanced when combined with the
AgNPs co-application. The novelty of the study is the
formulation of the new antimicrobial agents against
different strains of pathogenic bacteria, based on the
combination of the MCEs with the AgNPs, which has
not been reported before. To our knowledge, there has
yet to be any detail analyses of the extraction from dif-
ferent solvent systems, on the chemical compounds of
microalgal culture grown over prolonged period, in spe-
cific limiting medium such as TMRL. The objectives of
this study were to carry out the phytochemical screen-
ing, and metabolite profiling of the volatile compounds
of the N. oculata, T. suecica, and Chlorella sp. crude
extracts (MCEs) from methanol (MET), ethanol (ETH),
chloroform (CHL), hexane (HEX) and water (W) sol-
vent systems, using the HPTLC and GC-MS analyses.
A new formulation of antimicrobial agents based on the
co-application of MCEs with the AgNPs at the correct
dosage and ratios, was evaluated.

Materials and methods

Microalgal strains

The N. oculata, T. suecica, and Chlorella sp. were obtained
from and identified by Dr. Mohd Fariduddin Othman,
from the Fisheries Research Institute of Malaysia, Kuala
Muda, Kedah, Malaysia. The partial 18S rRNA sequence,
partial rbcl gene, and ITS region showed 97-99% similar-
ity to N. oculata, as confirmed by the sequence alignment
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and phylogenetic tree analysis, and deposited into the
GenBank with accession numbers HQ201714, HQ201713,
and HQ201712, respectively (Shah 2014).

Microalgal culture condition and the MCEs preparation
The basic medium, culture conditions and the prepara-
tion of the MCEs were as reported earlier (Hussein et al.
2020a, b). The TMRL enrichment medium components
were as shown in Additional file 1: Table S1. The cul-
tures were maintained at 28 +2 °C, on an orbital shaker
(130 rpm) under continuous fluorescence white light.
After 14-16 days, the cells were harvested by centrifuga-
tion (3500 rpm, 10 min), and dried at 50 °C overnight in
an oven, before finally stored at 4 °C until use.

Biosynthesis of AGNPs

The isolation, identification and cultivation of Lactobacil-
lus plantarum has been reported (Hussein et al. 2020a,
b). The AgNPs biosynthesis was attained by mixing the
L. plantarum supernatant with 1 mM of silver nitrate
(AgNO;,) solution at the 1:1 ratio (v/v), and incubated for
24 h in the dark at 35 °C, 100 rpm. The characterization
of the AgNPs has been reported elsewhere (Hussein et al.
2020b), and beyond the scope of current study.

AgNPs-MCEs ratio

The AgNPs (10 mg) were dissolved in 1 mL of dimethyl-
sulfoxide (10 mg/mL stock). Later, 10 mg of the MCEs
from different solvent extraction, were mixed with 1 mL
of DMSO (10 mg/mL stock). For single applications,
500 pg/mL of each of the AgNPs and MCEs solution
were prepared. For the preparation of the co-applica-
tions, the AgNPs and MCEs stock solutions each, was
mixed to 500 pg/mL concentration, at the 1.5:1 and 2:1
ratios (AgNPs:MCEs, w/w) (Additional file 1: Table S2).
Our study on the cytotoxicity of the AgNPs—MCEs co-
application has shown that the 1.5:1 and 2:1 ratios exhibit
the highest cytotoxicity on the breast cancer cells, but
without affecting the Vero cells (Hussein et al. 2020a, b).
Hence, the same ratios were evaluated for the effects on
the selected bacterial strains.

Determination of lipid, total phenolics, total flavonoids,
total carbohydrates, total protein and pigments

Lipid content

After 14-16 days, the cells were harvested by centrifuga-
tion (3500 rpm, 10 min). The lipid content was measured
using the Bligh and Dyer method (Bligh and Dyer 1959).
The sample of 200-mL aliquot was sonicated and centri-
fuged (3500 rpm, 10 min). The pellet was added into a
mixture of distilled water (D.W.), methanol and chloro-
form (4:10:5 ratios). After 24 h incubation, 5 mL of D.W.
and 5 mL of chloroform were added (9:10:10 final ratios)
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and then centrifuged. The lipid-containing chloroform
layer at the bottom was transferred to a pre-weighed vial
using a dropper. The lipid layer was warmed in a water
bath (65 °C), until one-third remained, and later oven-
dried for 4 h at 80 °C to remove the chloroform and
methanol. The lipids were calculated as follows:

Lipid content (%) = [(wa—w1)/wy] X 100, (1)

where w; is the pre-weighed glass container (g), w, is the
weight of the lipid content with the glass container (g),
and w, is the dry weight of algal biomass (g).

Fatty acids composition

Lipid of 20 mg was mixed with 2 mL of toluene, followed
by 2 mL of 1.5% sulphuric acid in dry methanol and
shaken well. The mixture was refluxed for 2 h, and 4 mL
of 5% sodium chloride solution was added and the fatty
acid methyl esters (FAME) were extracted with hexane.
The hexane layer was washed with 2% potassium bicar-
bonate solution and dried over anhydrous sodium sul-
phate (Rao et al. 2007; Shah et al. 2016). The FAME were
transferred to a vial and injected into GC-MS, to deter-
mine its fatty acid composition.

Total phenolics content

The TPC was determined based on the Folin—Ciocal-
teu method with modifications (Siripatrawan and Harte
2010). The TPC was extracted in methanol/water (80:20)
solution. The MCEs of 25 mg was homogenized with
methanol/water (3 mL) at 15,000¢ for 1 min, and then
centrifuged further (5000¢, 10 min). Later, 100 pL of
the MCEs were mixed with D.W (7 mL) and 500 pL of
Folin—Ciocalteu reagent (Sigma-Aldrich, USA), and incu-
bated at room temperature (8 min). Then, 900 pL of D.W
and 1.5 mL of sodium carbonate was added and incu-
bated at room temperature for 2 h in the dark. A sam-
ple of 2 mL was loaded to a 24-well plate in triplicates.
The absorbance of the sample was determined at 765 nm
using a microplate reader (Thermo Scientific, Varioskan
Flash, USA). Quantitative determination of the TPC was
performed based on the calibration curve of gallic acid
(Sigma, USA) and expressed as gallic acid equivalent
(mg/g GAE) by using the equation:

y = 0.0106x + 0.0542; R*> = 0.9995 )

Total flavonoids content

The TFC was measured according to the aluminium chlo-
ride (colorimetric technique) with modifications (Aiye-
goro and Okoh 2010). The MCEs sample of 0.1 mL from
the stock (10 mg/mL, DMSO) was mixed with metha-
nol (3 mL), 0.2 mL of potassium acetate (1 M) (HmbG
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Chemicals, Germany), 200 pL of 10% aluminium chloride
(HmbG Chemicals, Germany), and 5.6 mL D.W, and the
mixture was kept for 30 min at the room temperature.
After incubation, 2 mL from each sample was transferred
to the 24-well plate. The absorbance (420 nm) was deter-
mined using a Microplate reader (Thermo Scientific,
Varioskan Flash, USA). Quantitative determination of the
TEC was performed using standard calibration curve of
quercetin (QE) (Sigma-Aldrich, USA) at 1 mg/mL, and all
the experiments were carried out in triplicate. The TFC
was expressed as QE (mg/g) based on the equation:

y = 0.03x + 0.04; R? = 0.998 (3)

Total carbohydrates content

Dried algal biomass of 100 mg was dissolved in 10 mL of
2% sulfuric acid, and autoclaved at 121 °C, 20 min. The
hydrolyzed sample was mixed with D.W till 100 mL and
centrifuged at 2683g (10 min). The supernatant was ana-
lyzed for carbohydrates content using the anthrone rea-
gent and glucose standard (Systerms, USA). The reagent
(9,10-dihydro-9-oxoanthacene, Sigma, USA) was pre-
pared by mixing anthrone (100 mg) with cold 95% H,SO,
(50 mL). Later, 4 mL of the anthrone was mixed with
1 mL of sample and glucose. The mixture was incubated
in a boiling water bath (10 min) and left to cool to a room
temperature in a desiccator. The mixture (green color)
was detected at 630 nm using a microplate reader. The
carbohydrate content was measured based on the glucose
standard (Guldhe et al. 2016).

Total protein content

The total protein content was determined using the Brad-
ford method. Dried microalgal powder of 10 mg was
dissolved in 0.1 mL of 1 M NaOH and incubated in the
water bath (80 °C, 10 min). Then, 0.9 mL of D.W was
mixed with the hydrolyzed mixture, topped up to 1 mL
total volume, and centrifuged (12,000g, 10 min). The
protein content in the supernatant was measured using
bovine serum albumin as the standard (Bio-Rad, USA)
(Guldhe et al. 2016).

Pigments
Microalgal powder of 500 mg was dissolved in 10 mL of
80% acetone and centrifuged (3000 rpm, 15 min). The
pellet was repeatedly washed with 80% acetone (5 mL),
re-centrifuged, until it became colorless. The superna-
tant was collected and used for pigment quantification
(Arnon 1949).

The chlorophyll content absorbance (645 and 663 nm)
was measured in a spectrophotometer (UV-1800, Shi-
madzu, Japan) as follows (Arnon 1949):
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Chlorophyll a (ng/mL) = 12.7 (Ags3) — 2.69 (Aas),

(4)
Chlorophyll b (Mg/mL) = 229 (A645) — 4.68 (A663):
(5)
Total chlorophyll (ng/mL) = 20.2 (Aeas) + 8.02 (Ag63),
(6)

where A =absorbance at the respective wavelength.

The carotenoid content was determined by estimating
the same chlorophyll extraction at 480 nm in spectropho-
tometer (UV-1800, Shimadzu, Japan) as follows (Kirk and
Allen 1965):

Carotenoids (ug/g fresh wt.)

= Asgo + (0.114 x Aggz) — (0.638 x Agas),
7)

where A = absorbance at the respective wavelength.

Metabolite profiling

High-performance thin-layer chromatography (HPTLC)

The HPTLC plates were rinsed with ethanol and later
left in the oven for 15 min at 105 °C. Ten microlitre of
standards (B-carotene and eicosapentaenoic acid (EPA))
and the MCEs solution were spotted on the plate (6 mm
bands) by Camag microliter syringe (Hamilton, Bonaduz,
GR, Switzerland), with a semiautomatic sampler (ATS4-
211117, Camag, Muttenz, Switzerland), on a pre-coated
silica gel aluminium plate 60 F-254 (20 x 10 cm with
250 um thickness; Merck, Germany). The solvent system
consisted of HEX:Ethylacetate (8.5:1.5, v/v). The chro-
matogram was developed for about 20 min to a height of
about 80 mm in a twin-tank chamber Camag Automatic
Developing Chamber 2 (ADC2-211246, Camag, Mut-
tenz, Switzerland) previously saturated with the mobile
phase.

The images were visualized using the TLC visualizer
(Camag-211520, Muttenz, Switzerland) with a 12-bit
charge-coupled device (CCD) digital camera and Win
CATS software (Camag, Muttenz, Switzerland) under
366 nm UV and white light. The plates were placed in
the dark for 30 min and the images were taken before and
after the derivatization with anisaldehyde reagent (Sigma-
Aldrich, Germany). The anisaldehyde reagent was pre-
pared by mixing methanol (85 mL), acetic acid (10 mL),
methoxy benzaldehyde (0.5 mL) and sulfuric acid (5 mL)
(Kowalska and Sherma 2006). The Win CATS image cap-
turing parameters were fixed for high quality and repro-
ducibility. After derivatization, the plates were scanned
(Camag TLC Scanner) at 569 nm, 20 mm/s scanning
speed and the slit dimension of 4 x 0.45 mm. The peak
list, width, and densitogram were recorded (Chaudhari
et al. 2006; Alam 2013). The identification of S-carotene
and EPA in the standards and the MCEs was based on the
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retention factor (Rf) value as determined by Win CATS
software (Camag, Muttenz, Switzerland).

Gas chromatography-mass spectrometry (GC-MS)

The GC-MS analyses were carried out based on sim-
ple modification of the previous method (Phuong et al,,
2018). The MCEs of 1 mg dissolved in 1 mL hexane was
injected into the GC with a capillary column (0.25 mm
i.dx30 m, 0.25 pum film thickness) (GCMS QP2010
Ultra, Shimadzu SH-Rxi-5Sil MS, Shimadzu, USA). The
conditions were as follows: the injector and the interface
at 250 °C; the column in a programmed mode at 50 °C
initial temperature, held for 2 min with a linear ramp of
10 °C/min, until 230 °C final temperature. The carrier
gas was helium (4.6 mL/min) at the 1:0 split ratio and
the sample volume injected was 1 pL. The mass spectra
of the molecules were confirmed and identified with the
database in the NIST mass spectral library.

Antimicrobial activity assay

The antimicrobial activities assay was carried out using
agar well diffusion method on pathogenic multi-drug
resistant bacteria of Gram-positive (Bacillus subtilis,
Streptococcus uberis) and Gram-negative (Klebsiella
pneumoniae, Salmonella sp.). These bacterial strains are
the major microorganisms that contaminate and cause
damage to the food. The contamination of the food
products by these bacteria has led to food poisoning
and health hazards (Rajeshkumar and Malarkodi 2014).
The bacterial culture collection was established in the
Institute of Marine Biotechnology, Universiti Malaysia
Terengganu. Standardized suspension of tested bacteria
(1.5 x 108 CFU/mL) by McFarland standard (0.5 N) was
swabbed on sterile Muller-Hinton Agar (MHA) plates
using sterilized cotton swabs. The agar was perforated
with a sterilized cork borer (6 mm). A 100-uL sample
from the AgNPs and MCEs (500 pg/mL) single and co-
application at the 1.5:1 and 2:1 (w/w) ratios were added
into each well. The concentration of the penicillin (PC)
(Oxoid, UK) evaluated was at 10 pg/disc, following the
manufacturer’s protocol and also as reported earlier
(Pengov and Ceru 2003). One petri dish was sub-cultured
with each pathogenic bacteria, or used as control, and
incubated at 37 °C for 24 h. Then, the inhibition zone
was observed and determined for analysis against each
type of test microorganism (Rajeshkumar and Malarkodi
2014).

The microtiter plate dilution method was used to
determine the minimum inhibitory concentration (MIC)
of the extracts. Sterile 96-well microplates (Nunc) were
used for the assay. The extracts were dissolved in DMSO
so that the final concentrations in the micro-wells were
less than 1% DMSO and the solvent controls were tested
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at these concentrations. The MCEs were prepared at the
following concentrations—1.95, 3.91, 7.81, 15.62, 31.25,
62.5, 125, 250 and 500 pg/mL, and 1% DMSO was used
as the solvent control. The MCEs or AgNPs or the co-
applications were diluted to twice the desired initial test
concentration (500 pg/mL) with Muller—Hinton broth
(MHB). All wells, except the first, were filled with MHB
(50 pL). The extracts (100 pL) were added to the first
well and serial twofold dilutions were made down to the
desired minimum concentration (2 pg/mL). An overnight
culture of the bacteria suspended in MHB was adjusted
to the turbidity equal to 0.5 McFarland standards. The
plates were inoculated with the bacterial suspension
(5 pL/well) and incubated at 37 °C for 24 h. Then, the tur-
bidity was measured using micro-plate reader (Biotek) at
620 nm wavelength (Talib et al. 2012).

Statistical analyses

The analyses were carried out for the means of trip-
licates £ standard deviation, and the significance was
evaluated based on the ANOVA model, Turkey’s tests
(GraphPad Prism, version 6, CA, USA). The p<0.05 was
considered to evaluate the significance of differences.

Results

Phytochemical screening

Lipid, fatty acids, total carbohydrates and total protein
contents

The lipid contents in Chlorella sp. was the highest
(Table 1), followed by N. oculata, and T. suecica. These
were all achieved in the nutrient-limiting TMRL culture
media. The highest carbohydrate and protein contents
were shown, respectively, by N. oculata (17%, 9.6%),
followed by T. suecica (16.9%, 8.7%), and Chlorella sp.
(15.5%, 6.9%). There were no significant differences
between N. oculata and T. suecica in their carbohydrate
content (p>0.05), while for total lipids and protein,
there were significant differences between all algal spe-
cies (p<0.05). Table 2 shows that the total saturated fatty
acids (TSFA) was the highest in N. oculata, followed by
Chlorella sp. while both mono-unsaturated fatty acids
(MUFA) and poly-unsaturated fatty acids (PUFA) were
the highest in T suecica, followed by Chlorella sp. Pen-
tadecanoic acid, C15:0 and stearic acid, C18:0 were only
detected in N. oculata; linoleic acid, C18:2N6C only in
T. suecica; and palmitic acid, C16:0 only in Chlorella sp.
The highest fatty acids component detected in N. ocu-
lata and Chlorella sp. was tricosylic acid, C23:0 (41.02,
38.39%, respectively), and nervonic acid, C24:1 (36.38%)
in T suecica. Both Chlorella sp. and T. suecica showed
great potential as the sources of EPA and nervonic acid
for nutraceutical applications.
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Table 2 The major fatty acids constituent of N. oculata, T. suecica and Chlorella sp. grown in TMRL media at 28 +2 °C

Microalgae/fatty acids N. oculata (%)

T. suecica (%) Chlorella sp. (%)

TSFA 7125
MUFA 20.29
PUFA 848
Pentadecanoic acid, C15:0 7.47
Palmitic acid, C16:0

Stearic acid, C18:0 1747
Linoleic acid, C18:2N6C

Eicosapentaenoic acid (EPA, timnodonic acid), 8.48

C20:5N3

Tricosylic acid, C23:0 41.02
Nervonic acid, C24:1 19.74

2311 42.02
37.38 35.19
305 22.8
363
29.19
11.31 2048
21.25 38.39
36.38 335

TPC, TFC, total carotenoids and chlorophyll

The TPC and TFC are shown in Table 1. Chlorella sp.-
CHL exhibited the highest TPC (mg/g GAE), followed by
N. oculata-MET and T. suecica-MET, Chlorella sp.-MET,
N. oculata-CHL and T. suecica-CHL. The MET and CHL
were more suitable for TPC extraction than HEX, ETH
and W. The TPC of Tetraselmis sp.-MET in our study
was higher than the reported values of 16.868 mg/g GAE
(Widowati et al. 2017); 3.8 mg/g GAE extract (Goiris
et al. 2012); and 25.5+1.5 mg/g GAE ethanolic extracts
(Maadane et al. 2015). For TFCs analyses (mg/g QE),
MET was proven as the superior solvent, as exhibited by
T. suecica-MET (97.7), Chlorella sp.-MET (55.8) and N.
oculata-MET (44.8), followed by the MCEs-CHL (22.5-
39.1 mg/g QE). The TPC and TFC contents were signifi-
cantly different between algal species (p <0.05). Chlorella
sp. showed a comparable level of carotenoids with N. ocu-
lata and T. suecica. The highest chlorophyll a and b were
shown, respectively, by the T. suecica (30.72, 60.14 pg/
mlL), followed by N. oculata (30.32, 58.97 pg/mL) and
Chlorella sp. (27.70, 26.9 ug/mL) (Table 3).

Metabolite profiling of MCEs

HPTLC

The HPTLC analyses facilitate the repeated capture of
the chromatograms from the same or different samples

Table 3 The pigment composition of N. oculata, T. suecica
and Chlorella sp. obtained by extraction with 80% acetone
and determined by spectrophotometer at absorbance 480,
663, 645 nm

Microalgae Chlorophyll Chlorophyll Total Carotenoid
a(pg/mL)  b(pg/mL)  Chlorophyll  (ug/g.frwt)
(ng/mL)
N. oculata 3032 a 5897 a 8934 a 230a
T. suecica 30.72a 60.14 b 90.83 a 227 a
Chlorellasp. 27.70b 269 c 5459 b 237a

Each column with the same letters indicate not significantly different at p >0.05

(Sushma et al. 2013; Pandithurai et al. 2015; Murugesan
and Bhuvaneswari 2016). It is therefore suitable for the
development of chromatographic fingerprints to detect
the main active compounds in microalgae. The resolution
and separation are much better, and the results are more
dependable and versatile than the TLC. In combination
with digital scanning profiling, the HPTLC provides
quantitative measurement by scanning densitometry
which is suitable to evaluate the therapeutic effectiveness
of the drug as well as in the identification, standardiza-
tion, and quality control of the experimental algae (Then-
narasan et al. 2014). The plate was visualized under the
white light, 254 nm, 366 nm and the derivatized plates
by anisaldehyde staining. The standard compounds, EPA
and P-carotene, were observed in all extracts but the
intensities were different between species, and between
extracts for the same species. Additional file 1: Fig. S1
shows that the most intense peaks and better separa-
tion of the standard compounds were based on the sol-
vent system hexane:ethylacetate (8.5:1.5 v/v). The ETH
showed more separation of compounds, followed by CHL
and HEX extracts. However, the MET and W extracts did
not exhibit any standards within the sample using the
same solvent system. For the standard bands, the ETH
also exhibited higher intensity for all MCEs, followed by
the CHL and HEX. The lower intensity of -carotene in
HEX extracts could possibly because of the exposure to
direct heat and light (Hynstova et al. 2017).

To confirm the absence or presence of standards in the
MCEs, the HPTLC dimensional fingerprint was obtained
by scanning the plate using the TLC scanner as exhibited
in the HPTLC chromatogram (Additional file 1: Figs. S2—
S4). The scanning technique was a reliable, fast and accu-
rate tool for the identification of standards in the tested
sample and profiles in the marine algal extracts based on
the peaks, Rfvalues, and the areas. The chromatographic
finger-prints detected, such as in the Spatoglossum
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asperum, may be saved as electronic images without any
errors and changes, allowing for more in-depth investiga-
tion (Pandithurai et al. 2015). Additional file 1: Tables S3—
S5 show the R, values and the peak area to indicate the

specific differences of compounds in the MCEs. The R,

values of EPA and p-carotene in the CHL, HEX and ETH
were comparable. The peak area differences were how-
ever showing greater differences [CHL, (41.59, 26.67%);
HEX, (67.78, 11.74%); and ETH, (73.79, 33.49%)], respec-
tively. Within microalgal samples, the R, values of EPA
and P-carotene in CHL extracts were also comparable
but greater differences were observed for the peak area
[N. oculata, (22.69, 28.27%); 1. suecica, (15.66, 15.03%);
and Chlorella sp. (10.76, 15.71%)], respectively. The HEX
extracts showed the presence of EPA and p-carotene
within the microalgal sample, with greater differences of
the Ry values [(0.48, 0.72), (0.44, 0.71) and (0.49, 0.72)],
and the peak [(21.04, 19.96%), (26.73, 29.71%) and (21.02,
15.56%)] for, respectively, N. oculata, T. suecica, and
Chlorella sp. The ETH extracts showed the presence of
EPA and [B-carotene with more distinct Ry [(0.59, 0.74),
(0.6, 0.73) and (0.63, 0.73)], and the area [(25.02, 10.59%),
(11.46, 12.45%), and (14.86, 16.20%)], respectively, with
higher area of EPA for N. oculata, and higher B-carotene
for Chlorella sp.

GC-MS

Table 4 shows the peak area (%) and retention time (R,)
of the major compounds in MCEs-MET, HEX and ETH
extracts. For MET extracts, the major compounds in N.
oculata-MET and T. suecica-MET were 13-docosena-
mide, (Z)- and 9,12,15-octadecatrienoic acid, methyl
ester, (Z,Z,Z), while in Chlorella sp. was diisooctyl phtha-
late. The ETH extracts exhibited the presence of 11 com-
pounds considered as major. Neophytadiene (19.81%)
was detected in Chlorella sp.-ETH, 13-docosenamide,
(Z)- (17.46%) in N. oculata-ETH, neophytadiene (13.57)
and ergost-5-en-3-ol, (3 beta)- (12.33%) in T. suecica-
ETH and 9,12,15-octadecatrienoic acid, (Z,Z,Z)- (12.08%)
in N. oculata-ETH. The presence of diethyl phthalate,
n-hexadecanoic acid, phytol, heptasiloxane, hexadeca-
methyl-, cyclononasiloxane, octadecamethyl-, 1-nona-
decene, and n-tetracosanol-1 were between 0.2 and
11.3%.

The HEX extracts exhibited 9 compounds identified
as major—13-docosenamide, (Z)- (48.36%) in T. suecica-
HEX, phytol (29.49%) in N. oculata, and ergost-7-en-3-ol
(16.58 and 14.30%) in Chlorella sp.-HEX and N. ocu-
lata-HEX, respectively. The presence of neophytadiene,
1,2-benzenedicarboxylic acid, bis (2-methylpropyl) ester,
vitamin E, diisooctyl phthalate, phenol, 2,2’-methylenebis
[6-(1,1-dimethylethyl -4-methyl- and eicosane were also
detected. In comparison, the CHL extracts showed 11
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major compounds including hexanedioic acid, bis (2-eth-
ylhexyl) ester, eicosane, neophytadiene, and tetracontane.
The major compounds in 1. suecica-CHL were tetrac-
ontane, eicosane, hexatriacontane, hexanedioic acid, bis
(2-ethylhexyl) ester, and neophytadiene (Hussein et al.
2020a), while in N. oculata-CHL and Chlorella sp.-CHL
were hexanedioic acid, bis (2-ethylhexyl) ester, neophyta-
diene, eicosane, hexatriacontane and 13-Docosenamide,
(Z) (Hussein et al. 2020b). There was no phytol, tetracon-
tane, 13-docosenamide, (Z), vitamin E and campesterol
detected in N. oculata-CHL; diisooctyl phthalate and
vitamin E were absent in T. suecica-CHL; and hexatriaco-
ntane was absent in both 7. suecica-CHL and Chlorella
sp.-CHL (Hussein et al. 2020a, b). The major metabolites
in the MCEs based on the five solvent were therefore
13-docosenamide, (Z)- in T. suecica-HEX (48.39%); hex-
anedioic acid, bis (2-ethylhexyl) ester (36.47%) and Phy-
tol (29.49%) in N. oculata-CHL and HEX, respectively;
hexanedioic acid, bis (2-ethylhexyl) ester (23.94%) in
Chlorella sp.-CHL and neophytadiene (19.81%) in Chlo-
rella sp.-ETH. The GC-MS could not be carried out on
the W extract as it could not be dissolved in the #-hexane
solvent.

Antimicrobial activities

The antimicrobial activity or inhibition zones of the
AgNPs and MCEs (500 pg/mL) single application was
observed against most of the pathogenic bacteria stud-
ied (Fig. 1, Additional file 1: Tables S6, S7). The inhibition
zones (Additional file 1: Figs S5-S8) obtained indicate
the strength of the antimicrobial activity of the sample.
The AgNPs showed the highest activity (inhibition zone)
of 19, 19, 18 and 23 mm on B. subtilis, S. uberis, Salmo-
nella sp. and K. pneumoniae, respectively. The antimi-
crobial activity of the MCEs was significantly affected by
the different solvents used for the extraction (p<0.05).
N. oculata-CHL exhibited the highest activity against
S. uberis and K. pneumoniae. Both T. suecica and Chlo-
rella sp. from all solvent extracts, except for ETH, also
showed activities against K. pneumoniae. The PC and
the N. oculata-MET however had no activities against
K. pneumonia, although the N. oculata-MET actually
exhibited activities against Gram-positive (G1"¢) bac-
teria (12-14 mm) and also Salmonella sp. The G bac-
teria lacks the outer membrane components, but the
presence of thicker cell wall with peptidoglycan layer
may affect the access to the extracts and the PC. The
Chlorella sp.-MET and CHL exhibited activities against
the Gram-negative (G™¢) bacteria (11-14 mm). The
Chlorella sp. and T. suecica-CHL exhibited the high-
est activity against K. pneumoniae and S. uberis, respec-
tively, while the ETH and W extracts exhibited the lowest
activity against Salmonella sp. as compared to the other
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MCEs. Additional file 1: Table S8 shows that the MIC of
the MCEs and AgNPs single application varied. The MIC
of the AgNPs was 15.62 pg/mL against K. pneumoniae,
and 31.25 ug/mL against B. subtilis, S. uberis, and Salmo-
nella sp. The MIC of the MCEs-MET, CHL, HEX, ETH
and W were at 62.5-125 ug/mL against all the tested bac-
teria, while the MIC of PC were lower against B. subti-
lis and S. uberis, and 62.5 pg/mL against Salmonella sp.
For the AgNPs—MCEs co-application, the MIC on aver-
age ranged between 31.25 and 62.5 pg/mL (Additional
file 1: Table S9) which was better than the MCEs single
application. The co-application exhibited more consist-
ent and enhanced antimicrobial activities against all the
pathogenic bacteria. The activities of all the MCEs were
therefore improved in co-application with the AgNPs at
the 1.5:1 and 2:1 ratios.

The antimicrobial activities of the AgNPs—MCEs co-
application were significantly affected by the different
solvents used for the extraction, the AgNPs-to-MCEs
ratios, and the microalgal species (p<0.05) (Fig. 1). The
AgNPs—Chlorella sp.-MET and AgNPs-T. suecica-MET
and HEX showed enhanced activity at the 1.5:1 ratio (10-
16 mm), higher than the 2:1 ratio (8—15 mm). For G
bacteria, the increased activities against B. subtilis and
S. uberis were detected with the AgNPs—T. suecica and
AgNPs—Chlorella sp.-MET (1.5:1) (from no activity to 16
and 15 mm, respectively), and the AgNPs—MCEs—CHL
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and HEX also showed improved activities. For the G™¢

bacteria, the AgNPs—-N. oculata-MET (1.5:1) showed
significant increase in activity (16 mm), followed by
AgNPs—T. suecica-MET against Samonella sp.; and the
AgNPs—N. oculata-W (1.5:1) and AgNPs—T.suecica-HEX
(1.5:1) against K. pneumoniae. The AgNPs—Chlorella
sp.-MET (1.5:1) also exhibited high activities against
Salmonella sp. and K. pneumoniae. The presence of
AgNPs therefore increased the sensitivity of all the bac-
terial strains to the MCEs as compared to the single
application.

Discussion

The TMRL medium contained only basic macro/micro-
nutrients, which may lead to a decrease in cell density
and growth rate. The medium composition and reac-
tor configuration play important roles in determining
the level of cell growth or production of bioactive com-
pounds in microalgae. In a study, three constituents of
TMRL enrichment medium (KNO,, Na,HPO, and FeCl,)
have been modified with excess level to stimulate cell
growth, and reduced level to simulate stress conditions to
enhance the metabolites production (Shah and Abdullah
2018). In Conway media, Chlorella sp. achieves the high-
est lipid content of 30% after 2 weeks, and 26.8% after

B. subilis

Inhibition (mm)

NM NC NH NE NXW T™M TC TH TE TW CM CC
Microalgae/Solvent
m15:1 @21 OSingle application

Salmonella sp.

Inhibition (mm)

NM NC NH NE NXW T™™ TC TH

TE TW
Microalgae/Solvent

CM CC CH

m15:1 @2:1 OSingle application

CH CE CW

S. uberis

Inhibition (mm)

NM NC NH NE NW T™ TC TH TE TW CM CC CH CE CW
Microalgae/Solvent

ml51 @21

O Single application

K. pneumoniae

24 1 AgNPs
~201
g 181
g 16 4 %
= 14 4
.S 124
=104
2 84
= 61
=y
2 1fllpc
ol

NM NC NH NE NW ™ TC TH TE TW CM CC CH CE CW
Microalgae/Solvent

W15:1 @2:1 OSingle application

Fig. 1 Inhibitory effects (mm) of AGNPs and MCEs (500 pg/mL) single and co-application at the 1.5:1 and 2:1 ratio on selected microorganisms

for 24 h by using well diffusion methods. The results are expressed as the mean = SD, each of which contained three replicates. The horizontal
dashed lines indicate the inhibitory zones of AgNPs and PC (N-N. oculata; T-T. suecica; C-Chlorella; M-methanol; C-chloroform; H-hexane; E-ethanol;
W-water)
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16 days (Ahmad et al. 2014), as compared to N. oculata
at 23.5% and 20.8%, respectively (Ahmad et al. 2015). Dif-
ferent studies have reported N. oculata having lipid levels
between 22.7 and 29.7%, T. suecica between 8.5 and 23%,
and Chlorella sp. between 5 and 58% (Mata et al. 2010),
and as low as 2.5% of dry weight for T. suecica (Servel
et al. 1994). The variation, the type and the total content
in the fatty acid components may suggest the effects of
nutrient limitation (Arisz et al. 2000) which are species-
specific, influenced by factors such as the duration and
cultivation conditions including the salinity, light inten-
sity, temperature, pH, the culture medium used and the
concentration of nitrogen and other nutrients (Gou-
veia and Oliveira 2009; Gu et al. 2012; Abdullah et al.
2016; Safafar et al. 2016). In our study, the use of TMRL
medium is for the purpose of inducing the secondary
metabolites production in microalgae when grown under
stressed conditions over prolonged period of cultivation,
and to evaluate the effects of the compound induction in
the extracts on the cytotoxic (Hussein et al. 2020a; b) and
antibacterial activities.

The content of polar lipids could decrease with the cul-
ture age (Rao et al. 2007), while the accumulation of SFA
and MUFA may be influenced by the nitrogen level. A
reduction in nitrogen concentration has led to improved
phospholipids from about 6 to 8%, and the non-polar
lipids from 73 to 79%, whilst the fraction of galactosyl-
glycerides decrease from 21 to 12% (Alonso et al. 2000).
Some of the fatty acids are important in retaining the
permeability-barrier, and may be useful in skin treat-
ment (Servel et al. 1994). The N. oculata and T. suecica
grown in 10% palm oil mill effluent (POME) in sea water
media attain, respectively, different levels of TSFA (59.2,
68.7%), MUFA (15.1, 12.3%) and PUFA (9.1, 8.9%) (Shah
et al. 2016). Other study has reported the SFA, MUFA,
and PUFA of 27.5, 30 and 42.3% for Nannochloropsis sp.,
and 23.2, 14.9 and 62.1% for Chlorella sp., respectively
(Yao et al. 2015). Chlorella contains the highest amount
of total MUFA and PUFA and rich in C18:3 (21%),
C18:1c (9%), C16:3 (13%), C16:0 (20%), and C18:2 (23%),
accounting for 86% of the overall fatty acids. Nannochlo-
ropsis sp. has the highest n-3 fatty acids (37%) and rich
in C20:5 (30%), C14:0 (6%), C20:4 (6%), C16:1 (24%), and
C16:0 (19%), accounting for 85% of the total fatty acids
(Yao et al. 2015).

Both carbohydrate and protein are also important
components in microalgae. In contrast to our study, N.
oculata has reportedly achieved lower carbohydrates
content of around 7-8%, but higher protein around 35%
(Brown 1991), and 21% (Hafsa et al. 2017). When grown
at 25 °C, the carbohydrates in N. oculata are reportedly
high at 29.4% (Picardo et al. 2013). For Chlorella cul-
tures grown in BBM Medium, low total carbohydrate
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(41.09 mg/g) and protein content (34.56 mg/g) on dry
biomass basis have been reported (Dineshkumar et al.
2017). In some algal species, it is difficult to measure the
total protein content due to the presence of tough cell
walls that are difficult to break (Servaites et al. 2012).
Protein may constitute up to 50% or more of the total
biomass (Becker 2007), and if protein is the target bioac-
tive compound, an increase in nitrogen in the medium is
essential (Safafar et al. 2016). Different levels of chloro-
phyll 2 and b contents have been reported, respectively,
in Chlorella sp. (8.45, 4.33 pg/mL), and Nannochloropsis
(21.24, 9.66 ug/mL) (Oo et al. 2017), and C. vulgaris (502,
71.9 pg/g cell) (Gonzalez and Bashan 2000). The differ-
ences in pigment level of microalgal species living in the
same environment can be attributed to the light stratifi-
cation. The exposure of chlorophyll molecules to light,
oxygen or weak acids will accelerate oxidation, leading
to the formation of many by-products (Humphrey 1980;
Jeftrey et al. 1997; Cubas et al. 2008). Apart from light
stratification, the lower chlorophyll level can be due to
the effect of temperature (Dere et al. 1998). In addition,
the non-conservative nutrients in culture media such as
nitrate and phosphate and solvents for extraction can
influence the yield and the level of chlorophyll content
(Oo et al. 2017).

The phenol extraction in ethanol and other organic sol-
vents is reportedly higher than water (Wang et al. 2009;
Farvin and Jacobsen 2013). The TPC (mg/g GAE D.W.) in
ethanol/water extracts from Chlorella sp. is between 0.75
and 2.21, Nannochloropsis sp. at 1.39 and T. suecica at
1.71 (Goiris et al. 2012). The Chlorella aqueous extracts
achieve the TPC of 1.44 mg/g tannic acid equivalent of
algae powder (Wu et al. 2005). The content of non-phe-
nol compounds like terpene and carbohydrate in water
extracts however could be more than in other MCEs.
This is due to the more complex composition of some
phenolic compounds having higher molecular weights or
more phenol groups which are soluble in acetone, etha-
nol, and methanol, than in the water extracts (Do et al.
2014). The levels of TECs also vary depending on the
extracting solvent system and microalgal species. Under
copper stress (Cu"), Tetraselmis sp. exhibits maximum
phenolic content (10.35+0.33 pg/mg GAE extract) while
N. oculata shows the highest TFC (33.8543.16 pg/mg
QE extract) (Azim et al. 2018). Ethyl acetate extract of
N. oculata exhibits higher TFC (71.79+2.32 mg/g QE)
as compared to the methanol extracts (42.08 +1.09 mg/g
QE) (Ebrahimzadeh et al. 2018) and higher than the
5.78 mg/g rutin level (Sangeetha et al. 2018). The TEC
in Chlorella pyrenoidosa (mg/mg of RE equivalent of
dry extract) evaluated in heterotrophic and autotrophic
modes, respectively, suggests that the water extract
exhibits higher TFC (0.6 &+ 0.07 and 0.87 £ 0.06 mg/
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mg RE), followed by hexane extracts (0.52 £ 0.09 and
0.78 = 0.07 mg/mg RE) and ethyl acetate extracts
(0.50 %+ 0.05 and 0.60 £ 0.06 mg/mg RE) (Yadavalli et al.
2018). These are contradictory to our studies that found
water and hexane as inefficient solvent systems for TFC
and TPC extraction.

The physical and chemical properties of the different
metabolic classes served as the basis for the analyses of
the organics, sugars, amino acids, lipophilic and sugar
alcohols (Alsufyani 2014; Kapoore 2014). The HPTLC
analyses of Spatoglossum asperum provide typical fin-
ger-prints and utilized as a reference to determine and
regulate the drug quality. The characterization of the
chemical components, the estimation of the marker com-
pounds, and the determination of the standards are all
useful in the validation of drug quality control and effec-
tive efficacy treatments (Pandithurai et al. 2015). Based
on HPTLC analyses, the methanol extracts of marine
red alga Portieri hornemannii contain a mixture of com-
pounds to provide information about the efficacy of the
formulation, as well as identification, standardization and
quality control. The pharmacological activities are due to
the accumulative effects of all the bioactive compounds
(Murugesan and Bhuvaneswari 2016). The HPTLC fin-
gerprint of the Ficus nervosa chloroform extracts show
11 peaks with R ranging from 0.07 to 1; the ethyl acetate
extracts with 11 peaks and the Ry values from 0.07 to
0.99, and the 90% ethanol extracts with 13 peaks and the
Ry values from 0.03 to 1. The data are useful for the cor-
rect recognition of the plants, and as a phytochemical or
genetic variability indicator in plant populations (Sushma
et al. 2013). The HPTLC analyses have confirmed the
presence of more carotenoids and chlorophyll in C. vul-
garis than in Spirulina platensis, with the fastest migra-
tory B-carotene compounds detected in C. vulgaris and S.
platensis (Hynstova et al. 2017).

The GC-MS analyses of the MCEs have detected dif-
ferent volatile and semi-volatile compounds such as phy-
tol, eicosane and neophytadiene, and other studies have
reported fucosterol, palmitic, palmitoleic and oleic acids
(Alsufyani 2014; Balamurugan et al. 2014; Rajendran et al.
2014). Similar to major compounds detected in our study,
different solvent extracts of Chlorella sp., Tetraselmis
sp., Oscillatoria sp., Synechocystis sp., and Dunaliella
sp. exhibit the presence of benzoic acid, octadecanoic
acid-4-hydroxy-methyl ester, tetradecanoic acid, and
hexadecanoic acid (Rajendran et al. 2014). Hexadecanoic
acid, tetradecanoic acid and octadecanoic acid methyl
ester show anti-bacterial and anti-inflammatory activi-
ties (Amarowicz 2009; Al-saif et al. 2014; Swamy and
Sinniah 2015), while diisooctyl phthalate exhibits anti-
microbial, antibacterial, antifungal, antiviral and antioxi-
dant activities (Phuong et al. 2018). Phytol is a diterpene
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which shows anticancer, antimicrobial and antioxidant
activities (Wei et al. 2011; Swamy and Sinniah 2015); and
antidiuretic, anti-inflammatory, antidiabetic, immune-
stimulatory, antifungal against Salmonella typhi, and
antimalarial activities (Balaji et al. 2017). Neophytadiene
is also a terpenoid with antimicrobial, antipyretic, anti-
inflammatory, analgesic and anti-oxidant activities (Ven-
kara Raman et al. 2012), while stigmasterol, campesterol
and ergost-5-en-3-ol are sterols exhibiting anticancer
activities. Eicosane is an acyclic alkane, showing antibac-
terial, antifungal, anticancer and cytotoxic effects (Sunita
and Manju 2017), especially against SGC-7901 human
gastric cell-lines (Yu et al. 2005; Sivasubramanian and
Brindha 2013).

The anti-bacterial activity of the MCEs is contrib-
uted by the presence of bioactive constituents such as
the lipophilic and phenolic compounds in all organic
extracts. The variations are attributable to the thick
peptidoglycan layer in G**¢, and the thin peptidogly-
can layer surrounded by membrane lipid layer outside
the G™*° bacteria (Silhavy et al. 2010; Gurunathan et al.
2014; Otari et al. 2014). The polarity of the extracting
solvent profoundly affects the way in which the extract
will interact with the functional groups on the bacte-
rial surfaces. The extracted functional groups may be
polar hydrophilic or non-polar lipophilic which deter-
mine the outcome of the action on the cell membrane
and other components of the G™° and G**® bacteria
(Shannon and Abu-ghannam 2016), and eventually the
penetration of the bioactive compounds into the bacte-
rial cells. N. gaditana has shown inhibitory activities
against P. aeruginosa, S. aureus and E. coli with an MIC
of 2.6—4.3 mg/mL which can be correlated to the level
of fatty acids, phenolics and carotenoids (Maadane et al.
2017). Higher inhibition zone has been achieved with
the methanolic extracts of Tetraselmis sp., as compared
to diethyl ether and hexane, against E. coli (16 mm) and
S. aureus (15 mm), but all extracts exhibit no activities
against Proteus vulgaris. The essential compounds sug-
gested to have significant antimicrobial activities are
the unsaturated, monounsaturated and saturated fatty
acids, halogenated-aliphatic compounds, terpenes, sul-
phur which include hetero-cyclic compounds, phenols
and carbohydrates (Kannan et al. 2010). The lipid com-
positions of microalgae including the EPA, y-linolenic,
docosahexaenoic, hexadecatrienoic, palmitoleic, oleic,
lauric, and arachidonic acids, lactic acid, and the com-
pounds such as a- and B-ionone, f-cyclocitral, neophyte
diene, and phytols have exhibited antimicrobial activities
against human pathogens including Staphylococcus epi-
dermidis, Pseudomonas aeruginosa, S. aureus and E. coli
(Smith et al. 2010; Bhattacharjee 2016). The antibacte-
rial and antifungal activities of the microalgal extracts are
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attributable to myristic acids (tetradecanoic acid), lauric,
stearic (octadecanoic acid), palmitic (hexadecanoic acid),
13-Docosenamide, (Z)- oleic, linoleic, and linolenic acids
(Agoramoorthy et al. 2007; Kumaradevan et al. 2015).

Microbial source to synthesize the AgNPs has led to the
general interest in the recovery of NPs from its metabolic
action (Natarajan et al. 2010). The green biosynthesis of
the AgNPs is interesting and cost-effective as the reduc-
tion of silver ions into the AgNPs are attributed to the
presence of the protein molecules and enzymes, includ-
ing the nitrate reductase in the L. plantarum supernatant,
that could have acted as the regulating agents (Hus-
sein et al. 2020a, b). The probiotic Lactobacillus strains
also exhibit antimicrobial and anti-oxidative proper-
ties with the abilities to adjust the balance of intestinal
flora, reduce the blood cholesterol, inhibit and reduce
the risk of tumors and cancer, stimulate the immune sys-
tem, enhance the digestion and can be utilized for the
vitamin C production (Songisepp et al. 2004). As a new
generation of antimicrobial agents to overcome the drug
resistance of G and G bacteria, the AgNPs—MCEs
co-application can be developed as therapeutics, with the
AgNPs as adjuvant for the treatment of different diseases
caused by the bacteria. The AgNPs—MCEs interaction
with the bacterial cells could lead to increased membrane
permeability, causing damage, and finally cell death. The
differences in the responses of the bacterial strain, even
when exposed to the same concentration (500 pg/mL)
of the AgNPs—MCEs in our study, suggest the intrinsic
sensitivity of the bacterial species. The differential sus-
ceptibility between the G~ and G bacteria to the type
of anti-bacterial agent can be attributed to the cell wall
components of each bacterial strain, and on the activity
of different elements or intrinsic resistome. Resistome
provides insights into the antibiotics mode of action and
the bacterial response to the inhibition. This inhibition
of the functions by the resistant determinants and the
hypersensitivity to the antibiotics could have a practical
role in determining the targets for the development of
co-application drugs to enhance the activity of the exist-
ing antibiotics (Blake and O’Neill 2013).

In our study, as shown in Fig. 1 and Additional file 1:
Table S6, some of the MCEs did not show any activities.
The synergistic effects of the bioactive compounds in
the MCEs and the well-reported antibacterial activity of
the AgNPs suggest the possibility to adjust the ratios of
the AgNPs to the MCEs to enhance the activities against
any antibiotic-resistant bacteria. The higher antibacte-
rial activity of the AgNPs—MCEs co-application may be
attributed to the bonding reaction of the active com-
pounds of the MCEs with the large surface area of the
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AgNPs by chelation (Gurunathan et al. 2014). The AgNPs
may be involved in neutralizing the adhesive substances,
and get attached to the bacterial cell surface depending
on the ratio of the AgNPs to the MCEs. In single applica-
tion, the AgNPs can be attached directly to the bacteria
cells and the antibacterial activities will depend on the
level of the AgNPs and the concentration of the bacteria
(Mcshan et al. 2015). The effects of co-application ratio
however appeared to be strain specific and microalgal-
species specific (Fig. 1). In general for MET, CHL and
HEX, the 2:1 ratios of N. oculata, and the 1.5 ratios of
T. suecica and Chlorella sp. showed higher activities on
B. subtilis, and S. uberis, For Salmonella and K. pneu-
moniae, higher activities were exhibited by both ratios,
based on the solvent system. Different types of bacteria
could develop a quorum sensing (QS) which involves the
production and responses to diffusible or secreted sig-
nals to modulate its virulence functions and pathogen-
esis (Abisado et al. 2018). This is a cell-to-cell connection
where certain signals are activated to match the patho-
genic ways to help bacteria to adapt. Under crowded
conditions, the QS signals in bacteria, normally consist-
ing of peptide acyl-homocerin lactone, coordinate the
nutrient use and the basic metabolism of individual cells.
The antimicrobial resistance to antibiotics or pathogens
is a result of the QS signal activation which leads to the
formation of biofilm. The development of anti-QS agents
can prevent this biofilm formation, thereby reducing the
bacterial drug or antibiotic resistance (Hyung et al. 2014;
Abisado et al. 2018).

For the G™¢ bacteria Shigella flexneri and Pseu-
domonas aeruginosa, the significant increase in antibac-
terial effects is reported for applications of ampicillin
with AgNPs, followed by AgNPs—gentamicin, AgNPs—
chloramphenicol, AgNPs—erythromycin, AgNPs—tetra-
cycline and AgNPs—vancomycin. There is an improved
sensitivity towards G'"¢ Staphylococcus aureus and
Streptococcus pneumoniae strains, with AgNPs—vanco-
mycin, AgNPs—ampicillin, AgNPs—chloramphenicol,
AgNPs—gentamicin, AgNPs—tetracycline, and AgNPs—
erythromycin. Ampicillin also exhibits the highest activ-
ity against P. aeruginosa and S. flexneri, with the activities
enhanced by the AgNPs co-application (Gurunathan
et al. 2014). These synergistic activities of the AgNPs in
the presence of different antibiotics suggest that it is pos-
sible to kill the pathogenic bacterial cells at lower con-
centrations of the antibiotics (Barapatre et al. 2016). The
anti-bacterial activities can be attributed to the bioactive
compounds in the extracts with promising pharmaceuti-
cal applications (Matharasi et al. 2018). The ability of the
plant or algal extracts in co-application with antibiotic
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has the potential to overcome the resistant bacteria even
at lower concentration to reduce the side effects (Aiye-
goro et al. 2009). The bioactive compounds in the differ-
ent organic algal extracts may explain the differences in
their inhibition zone towards the microbes (Bhagavathy
et al. 2011). With the MCEs, the consistent antibacterial
activity exhibited by the co-application samples (Addi-
tional file 1: Tables S6 and S7) can be attributed to the
coordinated and correlative reactions between the active
groups of the bioactive compounds or antibiotics, such
as the amino groups and hydroxyl, which interact with
the large surface area of the AgNPs by chelation (Fayaz
et al. 2011). These have added benefits such as provid-
ing active features to the food packaging materials with
antimicrobial activities, enzyme immobilization, oxygen
scavenging ability, or as a signal of the degree of exposure
to several degradation-linked factors. The NPs can be
utilized to conserve the food from environmental agents,
and with combined features to the packaging materials
can enhance the foods stability, or suggest their eventual
inadequacy to be consumed (De Azeredo 2009).

Conclusion

The study had successfully formulated the new anti-
microbial agents against different strains of pathogenic
bacteria, based on the AgNPs—MCEs co-application,
and carried out the detailed analyses of the extracts from
microalgal culture grown over prolonged period, in spe-
cific limiting medium such as TMRL. These AgNPs—
MCEs formulations as anti-bacterial agents were novel
and had not been reported before. The determination of
the phytoconstituents showed that the highest lipid was
shown by Chlorella sp., the highest TSFA was exhibited
by N. oculata, and followed by Chlorella sp., while the
T. suecica exhibited the highest MUFA and PUFA. The
highest carbohydrate and protein contents were recorded
in N. oculata, the highest TPC in Chlorella sp.-CHL, the
TEC in T. suecica-MET, but the carotenoids levels were
comparable in all species. The HPTLC analysis confirmed
the presence of EPA and p-carotene in all the MCEs, and
based on GC-MS, the major metabolites were 13-doco-
senamide, (Z)- in T. suecica-HEX; phytol in N. oculata-
HEX; and neophytadiene in Chlorella sp.-ETH. The
highest antimicrobial activities were shown by the single
application of the AgNPs, and the AgNPs—MCEs co-
applications exhibited a more stable and consistent activ-
ities, as compared to the single MCEs application. The
AgNPs—MCEs co-application can therefore be further
optimized based on the dosages and the ratios to reduce
the side effects, without losing the efficacy. The syner-
gistic effects of the MCEs and the AgNPs in enhancing
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the antimicrobial activities pave the way for the AgNPs
co-application with the natural products or antibiotics to
enhance their activities against different pathogenic and
drug-resistant bacteria.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/540643-020-00322-w.

Additional file 1. Table S1. Composition of TMRL Enrichment Medium
for cultivation of microalgae (AQUACOPs 1984). Table S2. Preparation of
AgNPs-MCEs co-application ratio for antimicrobial activity (500 pg/mL).
Table S3.The HPTLC parameters of MCEs-CHL for Retention factor (Rf),
Area (%) under the curve and Area of Standards (EPA and 3-Carotene).
Table S4.The HPTLC parameters of MCEs-HEX for Retention factor (Rf),
Area (%) under the curve and Area of Standards (EPA and 3-Carotene).
Table S5.The HPTLC parameters of MCEs-ETH for Retention factor (Rf),
Area (%) under the curve and Area of Standards (EPA and 3-Carotene).
Table S6. Inhibitory effects (mm) of AGNPs and MCEs (500 pg/mL) single
application and standard antibiotic penicillin on selected microorgan-
isms for 24 h by using well diffusion methods. The results are expressed
as the Means =+ SD of three replicates. Table S7. Inhibitory effects (mm)

of AgNPs and MCEs (500 pg/mL) co-application at the 1.5:1 and 2:1 ratios
on selected microorganisms for 24 h by using well diffusion methods.
The results are expressed as the Means =+ SD of three replicates. Table S8.
Minimum inhibitory concentration (MIC, ug/mL) of MCEs and AgNPs
single application by using the microtiter plate dilution method. Table S9.
Minimum inhibitory concentration (MIC, pg/mL) of AgNPs and MCEs co-
application at the 1.5:1 and 2:1 ratios by using the microtiter plate dilution
method. Figure S1. Dimensional finger print of the MCEs showing different
peaks of phytoconstituents for (a) CHL: (b) HEX; (c) ETH. The identification
of B-carotene and EPA in the standards and the MCEs was based on the
retention factor (Rf) value as determined by Win CATS software. Figure S2.
HPTLC chromatogram of MCEs-CHL extract showing different peaks of
phytoconstituents for (a) EPA; (b) B-carotene; (c) N. oculata; (d) T. suecica;
(e) Chlorella sp. The identification of 3-carotene and EPA in the standards
and the MCEs was based on the retention factor (Rf) value as determined
by Win CATS software. Figure S3. HPTLC chromatogram of MCEs-HEX
extracts showing different peaks of phytoconstituents for (a) EPA; (b)
{3-carotene; (c) N. oculata; (d) T. suecica; (e) Chlorella sp. The identifica-
tion of 3-carotene and EPA in the standards and the MCEs was based

on the retention factor (Rf) value as determined by Win CATS software.
Figure S4. HPTLC chromatogram of MCEs-ETH extracts showing different
peaks of phytoconstituents for (a) EPA; (b) 3-carotene; (c) N. oculata; (d)

T. suecica; (e) Chlorella sp. The identification of 3-carotene and EPA in the
standards and the MCEs was based on the retention factor (Rf) value as
determined by Win CATS software. Figure S5. Anti-microbial activity of
MCEs and AgNPs single and co-application (1.5:1) against B. subtilis for

(@) N. oculata-MET; (b) N. oculata-CHL; (c) N. oculata-ETH; (d) T. suecica-
CHL; (e) T. suecica-ETH; (f) Chlorella sp.-ETH; (g) AgNPs; (h) Penicillin; (i)
AgNPs-N. oculata-MET; (j) AgNPs-N. oculata-CHL; (k) AGNPs-T. suecica-MET;
(I) AgNPs-T. suecica-CHL; (m) AgNPs-Chlorella sp.-MET; (n) AGNPs-Chlorella
sp.-CHL. Figure S6. Anti-microbial activity of MCEs and AgNPs single

and co-application (1.5:1) against S. uberis for (a) N. oculata-MET; (b) N.
oculata-CHL; (c) N. oculata-ETH; (d) T. suecica-ETH; (e) Chlorella sp.-CHL; (f)
AgNPs; (g) Penicillin; (h) AgNPs-N. oculata-MET; (i) AgNPs-N. oculata-CHL;
(j) AgNPs-T. suecica-MET; (k) AgNPs-T. suecica-CHL; () AgNPs-Chlorella
sp.-MET; (m) AgNPs-Chlorella sp.-CHL. Figure S7. Anti-microbial activity of
MCEs and AgNPs single and co-application (1.5:1) against Salmonella sp.
for (a) N. oculata-MET; (b) N. oculata-CHL; (c) N. oculata-ETH; (d) T. suecica-
ETH; (e) Chlorella sp.-MET; (f) Chlorella sp.-CHL; (g) Chlorella sp.-ETH; (h)
AgNPs; (i) Penicillin; (j) AgNPs-N. oculata-MET; (k) AgNPs-N. oculata-CHL;
(I) AgNPs-T. suecica-MET; (m) AgNPs-T. suecica-CHL; (n) AgNPs-Chlorella
sp.-MET; (0) AgNPs-Chlorella sp.-CHL. Figure S8. Anti-microbial activity of
MCEs and AgNPs single and co-application (1.5:1) against K. pneumoniae.
for (a) N. oculata-CHL; (b) N. oculata-ETH; (c) T. suecica-MET:; (d) T. suecica-
CHL; (e) Chlorella sp.-MET; (f) Chlorella sp.-CHL; (g) AgNPs; (h) Penicillin; (i)
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AgNPs-N. oculata-MET; (j) AQNPs-N. oculata-CHL; (k) AGNPs-T. suecica-MET;
(I) AgNPs-T. suecica-CHL; (m) AgNPs-Chlorella sp.-MET; (n) AgNPs-Chlorella
sp.-CHL.
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