
Citation: Phinyo, K.; Ruangrit, K.;

Pekkoh, J.; Tragoolpua, Y.; Kaewkod, T.;

Duangjan, K.; Pumas, C.;

Suwannarach, N.; Kumla, J.;

Pathom-aree, W.; et al. Naturally

Occurring Functional Ingredient

from Filamentous Thermophilic

Cyanobacterium Leptolyngbya sp.

KC45: Phytochemical

Characterizations and Their Multiple

Bioactivities. Antioxidants 2022, 11,

2437. https://doi.org/10.3390/

antiox11122437

Academic Editor: Evangelos Zoidis

Received: 15 November 2022

Accepted: 7 December 2022

Published: 9 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antioxidants

Article

Naturally Occurring Functional Ingredient from Filamentous
Thermophilic Cyanobacterium Leptolyngbya sp. KC45:
Phytochemical Characterizations and Their
Multiple Bioactivities
Kittiya Phinyo 1,† , Khomsan Ruangrit 2,†, Jeeraporn Pekkoh 1,2,* , Yingmanee Tragoolpua 1 , Thida Kaewkod 1,
Kritsana Duangjan 2 , Chayakorn Pumas 1,2, Nakarin Suwannarach 1,3 , Jaturong Kumla 1,3,
Wasu Pathom-aree 1,3, Wenhui Gu 4,5, Guangce Wang 4,5 and Sirasit Srinuanpan 1,3,*

1 Department of Biology, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
2 Science and Technology Research Institute, Chiang Mai University, Chiang Mai 50200, Thailand
3 Research Center of Microbial Diversity and Sustainable Utilization, Faculty of Science, Chiang Mai University,

Chiang Mai 50200, Thailand
4 Key Laboratory of Experimental Marine Biology, Center for Ocean Mega-Science, Institute of Oceanology,

Chinese Academy of Sciences, Qingdao 266071, China
5 Laboratory for Marine Biology and Biotechnology, Qingdao National Laboratory for Marine Science and

Technology, Qingdao 266000, China
* Correspondence: jeeraporn.p@cmu.ac.th (J.P.); sirasit.s@cmu.ac.th (S.S.)
† These authors contributed equally to this work.

Abstract: Cyanobacteria are rich in phytochemicals, which have beneficial impacts on the prevention
of many diseases. This study aimed to comprehensively characterize phytochemicals and evaluate
multifunctional bioactivities in the ethanolic extract of the cyanobacterium Leptolyngbya sp. KC45.
Results found that the extract mainly contained chlorophylls, carotenoids, phenolics, and flavonoids.
Through LC–ESI–QTOF–MS/MS analysis, 38 phenolic compounds with promising bioactivities were
discovered, and a higher diversity of flavonoids was found among the phenolic compounds identified.
The extract effectively absorbed the harmful UV rays and showed high antioxidant activity on DPPH,
ABTS, and PFRAP. The extract yielded high-efficiency inhibitory effects on enzymes (tyrosinase,
collagenase, ACE, and α-glucosidase) related to diseases. Interestingly, the extract showed a strong
cytotoxic effect on cancer cells (skin A375, lung A549, and colon Caco-2), but had a much smaller
effect on normal cells, indicating a satisfactory level of safety for the extract. More importantly, the
combination of the DNA ladder assay and the TUNEL assay proved the appearance of DNA fragmen-
tation in cancer cells after a 48 h treatment with the extract, confirming the apoptosis mechanisms.
Our findings suggest that cyanobacterium extract could be potentially used as a functional ingredient
for various industrial applications in foods, cosmetics, pharmaceuticals, and nutraceuticals.

Keywords: bioactivity; cyanobacteria; ethanolic extract; functional ingredient; phytochemicals

1. Introduction

Over the course of the last several decades, there has been a gradual but steady rise
in people’s understanding of the influence that one’s food may have on one’s overall
health. As time has progressed, the idea of food has evolved to include the possibility of
avoiding a variety of nutrition-related disorders and enhancing both physical and mental
health. The concept of “Let food be thy medicine and medicine be thy food”, first proposed
by Hippocrates roughly 2500 years ago, is gaining popularity today as a result of the
growing awareness of the importance of eating nutritiously [1]. According to the World
Health Organization (WHO), especially in developed nations, dietary patterns and lifestyle
behaviors are the primary modifiable risk factors that contribute to the development of
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certain chronic illnesses such as diabetes, hyperpigmentation, xerosis, and hypertension,
among others [2]. Approximately 80% of the world’s population relies on medicines
derived from plants in order to treat or prevent illness. It is reasonable to state that up to
50% of all pharmaceuticals now on the market may trace their ancestry back to natural
products, even though different estimations will provide different results depending on
what exactly is meant by the term “drug derived from a natural product” [3]. Every day,
new compounds derived from medical plants that have the potential to be bioactive are
discovered; however, only a few of these molecules are investigated to determine whether
or not they are suitable for use as pharmaceuticals.

Other natural sources, such as macroalgae, microalgae, and cyanobacteria, are em-
ployed as active ingredients in the nutraceutical, cosmetic, and pharmaceutical sectors, in
addition to medicinal plants, which are commercially accessible for preventing different
ailments. They have a high concentration of bioactive phytochemical substances, partic-
ularly pigments and phenolic compounds, both of which are known to be beneficial to
human health [1,4,5]. Pigments, such as chlorophylls and carotenoids, are examples of
hydrophobic pigments that are commonly present in biomass [6]. Phenolic compounds
(polyphenols) are a diverse group of secondary bioactive substances that include the hy-
droxybenzoic acids (protocatechuic, p-hydroxybenzoic, and syringic), hydroxycinnamic
acids (caffeic, p-coumaric, and ferulic), flavan-3-ols (catechin and epicatechin), flavonoids
(catechin, epicatechin, quercetin, and apigenin), glycosides, and proanthocyanidins [5].
Because phytochemicals have antioxidant characteristics, and there is evidence that they
participate in numerous biological processes, such as those that are cardioprotective, anti-
inflammatory, anticarcinogenic, antibacterial, and antiviral [1], there is an increased interest
in the study of phytochemicals.

Cyanobacteria (also known as “blue-green algae”) are a great source of bioactive
phytochemical substances that are good for our health because they have a lot of pigments
and polyphenols [6]. Cyanobacteria are a large and varied group of photosynthetic prokary-
otes, with an estimated 8000 species scattered over 150 genera. These organisms occupy a
broad range of habitats, from aquatic to terrestrial, and from temperate to tropical to polar
locations [7]. Many of the secondary metabolites produced by cyanobacteria are powerful
antioxidants that may neutralize reactive oxygen species (ROS). These include polyphe-
nols such as phenolic acids and flavonoids, as well as pigments such as chlorophylls and
carotenoids [8]. Due to the higher yields and the use of non-arable land in cultivation,
cyanobacteria are said to be superior and an excellent source of health-promoting bioactive
compounds compared with other edible plants [4]. There has been a lot of research that
has looked at the phytochemical production of different cyanobacteria species, including
Nostoc spp. [6], Aphanizomenon spp. [8], Phormidium spp. [5], and Spirulina spp. [9]. The phy-
tochemical profiling of cyanobacteria is rather similar to that of medicinal plants and other
types of algae; in particular, it is predominately made up of pigments and polyphenols [8].
In fact, a wide variety of bioactivities have been described for these compounds. Some
examples are antihyperlipidemic [10], antiobesity [11], antidiabetic [12], antioxidant [5,6],
anti-inflammatory [13], antiviral [14], antibacterial [15], antitumoral [13], antiallergic [16],
and neuroprotective [17]. Hence, cyanobacteria have gained interest as a possible source
of phytochemicals with wide-ranging practical uses. Nevertheless, cyanobacteria, specifi-
cally Leptolyngbya sp., have not been studied in great depth in terms of the sort or kind of
polyphenols that are present or their qualities. This is something that might add value to
their exploitation, and perhaps allow for their better usage.

Cyanobacteria can have different biofunctional potentials depending on factors such
as the species, the season, the temperature, the environment, the salinity of the water, the
quantity of sunshine, the harvesting time, and even the collecting region [5]. Additionally,
variations in the concentration of a solvent as well as the polarity of the solvent play signifi-
cant roles in the process of extracting phytochemical substances [1]. On the cyanobacterium,
Leptolyngbya sp., that was chosen for this investigation, there is a paucity of information
regarding an appropriate solvent and solvent and its concentration for the purpose of
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extracting bioactivities [18,19]. Furthermore, since climate (global warming), water salinity,
pollution, and other factors are always shifting, we consider it necessary to periodically
re-evaluate phytochemicals and their functions. There is a lack of data on the proportion of
phytochemicals in Leptolyngbya sp. cultured in Thailand. In addition, the phytochemicals
found in Thai Leptolyngbya extract have not been analyzed, and it is unknown whether
they possess any of the critical functional (antioxidant, enzyme inhibitory activity, and cy-
totoxicity) or spectrum features. Due to a lack of scientific knowledge and promotion of the
cyanobacteria’s untapped potential, they have not caught on with the Thai public or been
used to their fullest extent. Hence, they are rarely included in commercial biofunctional
products with added value.

In the literature, Mahanil et al. [20] were successful in cultivating Leptolyngbya sp.
(strain KC45) in an open pond at temperatures ranging from 30 to 45 ◦C and high alkaline
pH levels in the range of 8–10. Because of this, they were able to create an adequate
amount of biomass (raw material) for sale, in addition to producing thermostable pigments
for use in industrial applications. They also discovered that the toxic substance known
as microcystin was not present in the Leptolyngbya sp. KC45 extract, indicating that it
possesses features that are suitable for future applications. However, the characterization
of phytochemicals in strain KC45 has not yet been studied, despite the fact that Leptotynbra
spp. possesses a wide variety of phytochemicals that are useful. We, therefore, used the
cyanobacterium Leptolyngbya sp. KC45. in order to determine whether or not there is a
potentially viable use.

Hence, the objective of this work was to investigate the possibility of employing the
ethanolic extract from the cyanobacterium Leptolyngbya sp. KC45 as a functional ingredient.
For this purpose, the extract’s phytochemical profiles were first evaluated by measur-
ing its ultraviolet–visible (UV–Vis) absorption potential and determining the amounts of
carotenoids, chlorophylls, polyphenols, and flavonoids present. The polyphenols in the
ethanolic extract that were responsible for the functional characteristics were identified
through LC–MS/MS analysis. In the second step, the extract was tested for its antioxidant
characteristics and its ability to inhibit several enzymes to prove its in vitro health benefits;
these enzymes included tyrosinase, collagenase, angiotensin-converting enzyme (ACE),
and α-glucosidase. As a result of an increase in the number of patients suffering from
skin disorders, hypertension, xerosis, and diabetes, these tests have taken on an increased
level of significance in today’s medical landscape. Lastly, the in vitro cytotoxicity of the
extract against skin cancer A375 cells, lung cancer A549 cells, and colon cancer Caco-2 cells
were carefully determined and reported for the first time. Accordingly, we postulated that
Leptolyngbya extract would be useful as a functional ingredient and in the treatment of a
wide range of chronic diseases.

2. Materials and Methods
2.1. Cyanobacterial Biomass

Leptolyngbya sp. KC45 isolated from a thermal spring at a temperature of 45 ◦C [21] was
obtained from the Algal and Cyanobacterial Research Laboratory, Chiang Mai University,
Thailand. The cyanobacteria were cultured in 2000 L of D-medium in an open raceway pond
under ambient conditions (12 h photoperiod, 25.9–62.9 µmol m−2 s−1 photosynthetically
active radiation, 24.1–27.6 ◦C temperature range) for 30 days. After the end of cultivation,
the cyanobacteria were cleaned with tap water and shade dried at 60 ◦C using a hot air
oven. The dried cyanobacteria were ground into powder using a high-speed multifunction
mill grinder (ARTC, China) and then stored at −20 ◦C before use.

2.2. Extract Preparation

The cyanobacterial extracts were extracted using microwave-assisted ethanol extrac-
tion according to the method described by Rodriguez-Jasso et al. [22] with minor modifica-
tions. Briefly, dried biomass was suspended in the ethanol and placed into the extraction
vessel at an alga/water ratio of 1:10 (w/v). The suspension was subjected to microwave
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irradiation (Sharp R-221F-K, Thailand) under the operating conditions at a power of 800 W
and frequency of 2450 MHz for 1 min. After irradiation, the vessels were immediately
cooled in an ice bath and the suspensions were filtrated through Whatman filter paper
No. 1 to obtain the supernatant. After that, the supernatant was heated in a rotary evapora-
tor at 40 ◦C and under decreased pressure so that it could be evaporated to dryness. Then,
the extract was lyophilized and stored at −20 ◦C before use.

2.3. Phytochemical Characterization
2.3.1. Determination of Chlorophylls and Carotenoids

The extract was mixed with ethanol at the concentration of 1 mg/mL. The ethanol was
used as a blank. Values of spectrophotometric absorbance at 480, 632, 649, 665, 696, and
750 nm wavelength of the mixture were recorded [23]. The chlorophyll a (Ca), chlorophyll
b (Cb), chlorophyll c (Cc), chlorophyll d (Cd), total chlorophyll (Ct), and carotenoid (Cn)
contents (µg/mL) were calculated using the following equation:

Ca = [0.0604 × (A632 − A750)] − [4.5224 × (A649 − A750)] + [13.2969 × (A665 − A750)] − [1.7453 × (A696 − A750)]

Cb = [− 4.1982 × (A632 − A750)] + [25.7205 × (A649 − A750)] − [7.4096 × (A665 − A750)] − [2.7418 × (A696 − A750)]

Cc = [28.4593 × (A632 − A750)] − [9.9944 × (A649 − A750)] − [1.9344 × (A665 − A750)] − [1.8093 × (A696 − A750)]

Cd = [− 0.2007 × (A632 − A750)] + [0.0848 × (A649 − A750)] − [0.1909 × (A665 − A750)] + [12.1302 × (A696 − A750)]

Ct = Ca + Cb + Cc + Cd

Cn = 4 × (A480 − A750)

The Ca, Cb, Cc, Cd, Ct, and Cn contents were expressed as mg/g extract.

2.3.2. Determination of Total Phenolics

The total phenolic content (TPC) was spectrophotometrically determined according
to the Folin–Ciocalteu reagent method [5]. Briefly, 20 µL of the extract solution was
combined with 20 µL of deionized water and 100 µL of Folin–Ciocalteu reagent that had a
weight-to-volume ratio of 10%. The mixture was allowed to incubate for 5 min at room
temperature (30 ± 1 ◦C) before being combined with 80 µL of 5% Na2CO3 solution. At
room temperature and in dark conditions, the combination was allowed to incubate for 1 h.
A spectrophotometric analysis of the mixture was performed at a wavelength of 765 nm,
with gallic acid serving as the reference standard. TPC was reported as mg gallic acid
equivalent (GAE) per g of extract.

2.3.3. Determination of Total Flavonoids

The total flavonoid content (TFC) was determined by the aluminum chloride method
with some modifications [24]. In a 96-well plate, 80 µL of the extract was combined with
80 µL of 2% aluminum chloride solution that had been diluted with ethanol, and 120 µL
of solution that included sodium acetate at a concentration of 50 g/L. The plate was then
incubated at room temperature for 2.5 h. After that, the absorbance of the mixture was
measured at 440 nm, and quercetin was employed as the standard for comparison. TFC
was calculated as mg of quercetin (QE) equivalent per g of extract.

2.3.4. Determination of Ultraviolet (UV) Absorption

The extract was mixed with ethanol at the concentration of 0.33 mg/mL. The ethanol
was used as a blank. The mixture was observed for absorbance at 250–700 nm wavelength
(particularly, the critical wavelengths of 250 and 280 nm for UV-C range, 290 and 310 nm
for UV-B range, 330 and 350 nm for UV-A range were chosen for comparison) using a UV
spectrophotometer [6].



Antioxidants 2022, 11, 2437 5 of 31

2.3.5. Liquid Chromatography–Electrospray Ionization–Quadrupole Time-of-Flight–Mass
Spectrometry (LC–ESI–QTOF–MS/MS) Analysis

The phenolic composition of the extract was identified using LC–ESI–QTOF–MS/MS
analysis reported by Lomakool et al. [5]. LC–ESI–QTOF–MS/MS analysis was carried out
by utilizing an Agilent 1200 series HPLC (Agilent Technologies, Santa Clara, CA, USA)
in conjunction with an Agilent 6545 Accurate-Mass Q-TOF LC–MS (Agilent Technologies,
Santa Clara, CA, USA) that was connected to an electrospray ionization source (ESI). A
Poroshell 120 EC-C18, LC Column (2.1 × 100 mm, 2.7 µm) (Agilent Technologies, Santa
Clara, CA, USA) was utilized in order to accomplish the separation. The components of the
mobile phase were as follows: water and acetic acid at a ratio of 98:2 (v/v); eluent A; and
acetonitrile, acetic acid, and water at a ratio of 50:0.5:49.5 (v/v/v); eluent B. The following is
how the gradient profile was described: 10–25% B (from 0 to 25 min), 25–35% B (from 25 to
35 min), 35–40% B (from 35 to 45 min), 40–55% B (from 45 to 75 min), 55–80% B (from 75 to
79 min), 80–90% B (from 79 to 82 min), 90–100% B (from 82 to 84 min), 100–10% B (from 84 to
87 min), and an isocratic 10% B at the end (from 87 to 90 min). The extract sample was
injected at a volume of 6 µL, and the flow rate was set at 0.4 mL/min. The nebulization of
nitrogen gas was set at 45 psi with a flow rate of 5 L/min at a temperature of 300 ◦C, and
the flow rate of the sheath gas was set at 11 L/min at a temperature of 250 ◦C. The voltage
of the capillary was set at 3.5 kV, while the voltage of the nozzle was set at 500 V. MS/MS
studies were carried out in automated mode with collision energies of 10, 15, and 30 eV for
fragmentation. A full mass scan was performed, ranging from m/z 50 to 1300. MassHunter
Workstation software (Metlin_Metabolites_AM_PCDL.cdb) (Agilent Technologies, Santa
Clara, CA, USA) was utilized for instrument management, data collecting, and processing,
with positive and negative modes of operation utilized for peak detection.

2.4. Bioactivity Evaluations
2.4.1. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Antioxidant Assay

The DPPH radical scavenging activity was measured in accordance with the method-
ology outlined by Cheirsilp et al. [25], although with some slight adjustments. In a 96-well
plate, 50 µL of DPPH dissolved in methanol at 1.3 mM concentration was combined with
100 µL of the extract solution. The mixture was kept in an incubator at room temperature
in the dark for a period of 30 min. The absorbance of the mixture was determined to be 517
nm. Gallic acid was utilized as the standard of reference, and the following equation was
applied in order to calculate the scavenging activity (%).

DPPH radical scavenging activity = [(Acontrol − Asample)/Acontrol] × 100

where the absorbance of the sample, denoted by “Asample”, was determined; the absorbance
of the control reaction, denoted by “Acontrol”, was also determined, using ethanol in place
of the sample. The half maximal inhibitory concentration (IC50) was calculated as the
concentration of the tested sample that inhibited 50% of DPPH radical scavenging. The
concentration of the tested sample providing 50% inhibition is estimated by plotting the
percent of inhibition against different concentrations of the tested sample. To calculate
IC50, the various concentrations of the tested sample and the percentage of inhibition were
plotted on the x- and y-axes, respectively, and the data were then expressed mathematically
as inhibition curve. The concentration of tested sample that gives 50% inhibitory activity
was recorded. The gallic acid equivalent (GAE) per g of extract is the unit of measurement
used to report the DPPH activity.

2.4.2. 2,2′-Azino-Bis (3-Ethylbenzthiazoline-6-Sulfonic Acid) (ABTS) Radical
Scavenging Assay

The ABTS radical scavenging activity was measured in accordance with a modified
version of the technique described in Ruangrit et al. [26]. The ABTS solution was made up
by combining 7 mM of ABTS solution with 2.45 mM potassium persulfate in the appropriate
amounts (final concentration). The mixture was kept in the incubator for 12–16 h at room
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temperature and under dark conditions. After that, the absorbance of the ABTS solution
at 734 nm was brought to the desired value of 0.70 ± 0.02 by applying deionized water.
Within a 96-well plate, 5 µL of the extract solution and 195 µL of the ABTS solution were
combined and stirred together. After incubating the mixture for 10 min at 37 ◦C, the amount
of ABTS that was reduced was measured at 734 nm. Gallic acid was utilized as the standard
of reference, and the following equation was applied in order to calculate the scavenging
activity (%).

ABTS radical scavenging activity = [(Acontrol − Asample)/Acontrol] × 100

where the absorbance of the sample, denoted by “Asample”, was determined; the absorbance
of the control reaction, denoted by “Acontrol”, was also determined, using ethanol in place
of the sample. The half maximal inhibitory concentration (IC50) was calculated as the
concentration of the tested sample that inhibited 50% of ABTS radical scavenging. The IC50
value was determined in the same manner that was discussed in Section 2.4.1, which can be
found above. The gallic acid equivalent (GAE) per g of extract is the unit of measurement
used to report the ABTS activity.

2.4.3. Potassium-Ferricyanide-Reducing Antioxidant Power (PFRAP) Assay

The PFRAP test was carried out in accordance with the procedures described in
Lomakool et al. [5], but with minor adjustments. A mixture that consisted of 130 µL of the
extract solution, 290 µL of 0.2 M sodium phosphate buffer with a pH of 6.6, and 290 µL of
1% potassium ferricyanide was created by mixing all of these ingredients together. The
mixture was kept warm in an incubator for 20 min at a temperature of 50 ◦C. Following the
addition of 290 µL of trichloroacetic acid with a weight-to-volume ratio of 10%, the mixture
was centrifuged at 3000 rpm for 10 min. After that, 1 mL of the supernatant solution was
combined with 1 mL of distilled water and 200 µL of 0.1% ferric chloride. The absorbance
was evaluated at a wavelength of 700 nm, and gallic acid served as the benchmark for
comparison. Gallic acid equivalent (GAE) per g of extract is the unit of measurement used
to report the PFRAP activity.

2.4.4. Determination of Tyrosinase Inhibitory Activity

Tyrosinase inhibitory activity of the extract was evaluated using L-DOPA as the
substrate according to the method described by Pekkoh et al. [27] with minor modifications.
To summarize, 40 µL of the extract solution was combined with 80 µL of phosphate buffer
(100 mM, pH 6.8) and 40 µL of the tyrosinase enzyme (100 U/mL) in a 96-well microplate.
The mixture was then placed in an incubator at 37 ◦C for 5 min. After that, 40 µL of L-DOPA
(1 mg/mL) was added to the mixture, which was then left to incubate at 37 ◦C for 20 min.
At a wavelength of 475 nm, the absorbance of the mixture was measured. Following is the
equation that was used to determine the tyrosinase inhibitory activity (%):

Tyrosinase inhibitory activity = [(A − (B − C))/A] × 100

where the absorbance of the control blank, absorbance of the sample, and absorbance of
the sample blank are denoted by the letters A, B, and C, respectively. The half maximal
inhibitory concentration (IC50) was calculated as the concentration of the tested sample
that inhibited 50% of tyrosinase enzyme activity. The IC50 value was determined in the
same manner as discussed in Section 2.4.1, which can be found above. Kojic acid was used
as a standard reference, and the tyrosinase inhibitory activity was calculated as mg-kojic
acid equivalent (KE) per g-extract.

2.4.5. Determination of Collagenase Inhibitory Activity

Collagenase inhibitory activity of the extract was evaluated using the modified method
of Thring et al. [28]. Briefly, following the mixing of the sample (15 µL) with 62.5 µL of
Tricine buffer (50 mM, pH 7.5) and 12.5 µL of the collagenase enzyme (0.8 U/mL) in
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a 96-well microplate, the mixture was left to incubate for 15 min at room temperature.
The mixture was then combined with 60 µL of N-[3-(2-furyl) acryloyl]-Leu-Gly-Pro-Ala
(FALGPA) substrate, and it was allowed to incubate at room temperature for 20 min. The
absorbance was measured at a wavelength of 475 nm. The collagenase inhibitory activity,
expressed as a percentage, could be determined using the equation below:

Collagenase inhibitory activity = [(A − (B − C))/A] × 100

where the absorbance of the control blank, absorbance of the sample, and absorbance
of the sample blank are denoted by the letters A, B, and C respectively. The IC50 was
calculated as the concentration of the tested sample that inhibited 50% of collagenase
enzyme activity. The IC50 value was determined in the same manner that was discussed
in Section 2.4.1, which can be found above. Epigallocatechin gallate (EGCG) was used as
a standard reference, and the collagenase inhibitory activity was calculated as mg-EGCG
equivalent (EGCGE) per g-extract.

2.4.6. Determination of Angiotensin-Converting Enzyme (ACE) Inhibitory Activity

Angiotensin-converting enzyme (ACE) inhibitory activity was determined according
to the method described by Pekkoh et al. [29]. Briefly, in each well of a 96-well plate,
5 µL of ACE solution with a concentration of 200 mU/mL was added to 31 µL of sodium
borate buffer, with a pH of 8.3, that included 0.3 M sodium chloride (SBBS). Subsequently,
10 µL of the sample or SBBS (the control, C) was added. Following the addition of 13 µL
of substrate HHL solution with a concentration of 5 mM to the reaction mixture (with a
total volume of 59 µL), the reaction was initiated. Two blanks were prepared: one without
ACE and inhibitor sample (Bi), and another without ACE and HHL (Bs). Following a 1 h
incubation period at 37 ◦C, 100 µL of 200 mM sodium tetraborate was added to each
well, followed by 50 µL of 10 mM sodium sulfite and 50 µL of 3.4 mM TNBS. After that,
the mixture continued to be incubated at 37 ◦C for another 20 min. The absorbance was
measured at a wavelength of 420 nm, and the following equation was applied in order to
calculate the percentage of ACE inhibitory activity:

ACE inhibitory activity = [(C − Bi) − (S − Bs)/(C − Bi)] × 100

The half maximal inhibitory concentration (IC50) was calculated as the concentration of
the tested sample that inhibited 50% of ACE activity. The IC50 value was determined in the
same manner that was discussed in Section 2.4.1, which can be found above. Enalapril was
used as a standard reference, and the ACE inhibitory activity was calculated as mg-enalapril
equivalent (EE) per g-extract.

2.4.7. Determination of α-Glucosidase Inhibitory Activity

The method of Tanruean et al. [30] was used for measuring α-glucosidase inhibitory
activity. Briefly, the sample was incubated with the α-glucosidase solution (30 µL) at 37 ◦C
for 15 min. After adding 70 µL of D-maltose with a concentration of 37 mM, the mixture was
heated to 37 ◦C for 15 min. The reaction was halted by placing the mixture into boiling water
for 10 min. The reaction mixture was then mixed with 1 mL of PGO reagent (containing
one capsule of PGO enzymes, 100 mL of water, and 1.6 mL of O-dianisidine (2.5 mg/mL)
solution) and incubated at 37 ◦C for 15 min. The absorbance was measured at 450 nm. The
α-glucosidase inhibitory activity (%) is calculated based on the following equation:

α-glucosidase inhibitory activity = [(A − B)/A] × 100

where A is the absorbance of the control blank, and B is the absorbance of the sample.
The IC50 was calculated as the concentration of the tested sample that inhibited 50% of α-
glucosidase activity. The IC50 value was determined in the same manner that was discussed
in Section 2.4.1, which can be found above. Acarbose was used as a standard reference,
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and the α-glucosidase inhibitory activity was calculated as mg-acarbose equivalent (AE)
per g-extract.

2.5. Cytotoxicity Test
2.5.1. Cytotoxicity of Cancer Cells and Normal Cells

The cytotoxicity of the extract was tested using the MTT assay [26]. Briefly, the cancer
cell line (A375 human melanoma cells, A549 human lung adenocarcinoma cells, and Caco-2
human colorectal carcinoma cells) and normal cell line (Vero cells) were precultured under
the following conditions: a temperature of 37 ◦C in 5% CO2 for 24 h. Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS),
penicillin (100 Units/mL), and streptomycin (100 µg/mL) was used as the culture medium
for the precultivation of A549 cells, Caco-2 cells, and Vero cells, while A375 cells were
precultured in DMEM plus pyruvate supplemented with 1% HEPES, 10% FBS, penicillin
(100 Units/mL), and streptomycin (100 µg/mL). After precultivation, the cells (105 cell/mL)
were transferred to 96-well plates and further incubated at 37 ◦C in 5% CO2 for 24 h. Each
concentration of extract was prepared and added into each well and then incubated at
37 ◦C in 5% CO2 for 48 h. After that, the treated cells were reacted with 30 µL of solu-
tion containing 2 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), and they were incubated continuously for a period of 4 h. Following incubation,
DMSO to the volume of 200 µL was added to each well, and the blue formazan contents
were thoroughly mixed. The absorbance levels were measured at 540 nm and 630 nm.
The percentage of cell viability was calculated by comparing the relevant values to the cell
control based on the following equation:

Cell viability (%) = (Atreated cells/Acontrol) × 100

where the absorbance of culture cells is denoted by the variable Acontrol, whereas the
absorbance of treated culture cells is denoted by the variable Atreated cells. The IC50 was
calculated as the concentration of the tested sample that inhibited 50% of culture cells.

2.5.2. Deoxyribonucleic Acid (DNA) Fragmentation Analysis using DNA Ladder Assay

The DNA ladder assay was used to detect the DNA fragmentation of the cells after
treatment with the extract [31]. Briefly, the cancer cells at a concentration of 2× 105 cells/mL
were cultured in 24-well plates, and then incubated at 37 ◦C in 5% CO2 for 24 h.
The cells were treated with the extract and further incubated at 37 ◦C in 5% CO2 for 48 h.
After having been rinsed three times with phosphate buffered saline (PBS, pH 7.4) and
trypsinized with a solution containing 0.05% trypsin-EDTA, the pellet cells were harvested
and lysed by adding 30 µL of lysis solution (containing 10 mM Tris-HCl, 2.5 mM EDTA,
100 mM NaCl, and 1% SDS, with a pH of 8.0). The solution was mixed using a vortex mixer
before the addition of cold 5 M NaCl, 10 mg/mL Proteinase K, and 10 mg/mL RNase A.
The solution was then incubated at 37 ◦C for 3 h. After incubation, DNA fragmentation
was performed on 2% agarose gel at 60 volts for 3 h, and any fragments of DNA were
visualized using a UV transilluminator.

2.5.3. DNA Fragmentation Analysis using the TUNEL Assay

The TUNEL assay (terminal deoxynucleotidyl transferase and fluorescein-labeled
dUTP, DNA Fragmentation Imaging Kit, Merck, Germany) was used as the standard
method for detecting DNA fragmentation caused by apoptosis [31]. Briefly, the cancer
cells, at a concentration of 2 × 105 cells/mL, were exposed to the extract for 48 h. A total
of three rounds of phosphate buffered saline (PBS, pH 7.4) washes were performed after
cell harvesting. After that, the cells were fixed with 100 µL of 4% paraformaldehyde and
allowed to incubate at room temperature for 10 min. Following the removal of the fixing
solution, 100 µL of 0.1% Triton-X100 was added to the cells, and they were allowed to
incubate at room temperature for 20 min. After that, the cells were cleaned by washing
them twice in PBS (pH 7.4). After centrifugation, the cells were combined with 45 µL
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of the enzyme solution (terminal deoxynucleotidyl transferase, or TdT), and the mixture
was then incubated at 37 ◦C in 5% CO2 for 1 h. Then, the cells were reacted with 150 µL
of nuclei dye mixture solution (Hoechst 33342) before incubation in the dark at room
temperature for 15 min. The reagent was separated out by centrifugation at 5000 g and
4 ◦C for 5 min. The pellets were resuspended with ProLongTM gold antifade mountant
(Life Technologies, Camarillo, CA, USA) prior to the detection of the pellets containing
fluorescent DNA fragments using an inverted fluorescence microscope (ECLIPSE Ts2R-FL,
Nikon, Tokyo, Japan).

3. Results and Discussion
3.1. Phytochemical Characterization

Microalgae, and cyanobacteria in particular, contain high concentrations of beneficial
phytochemicals. In this study, the cyanobacterium Leptolyngbya sp. KC45 was assessed
for phytochemical production through primary screening using the ultraviolet–visible
(UV–Vis) spectrophotometric approach. Extracting phytochemicals required the use of a
water-soluble solvent, strongly influencing extraction yields and bioactivities, and ethanol
served this purpose well. Differences in phytochemical content and antioxidant activity
between ethanol and other solvent extracts may be attributable to the strength and polarity
of the solvent, which influence the solubility of bioactive chemicals [32]. It has been found
that ethanol is an extremely effective solvent for the extraction of phytochemicals, resulting
in a high phytochemical yield and excellent antioxidant activity [33]. Therefore, ethanol
was used in this study to extract phytochemicals (termed ethanol extracts) from the biomass
of the cyanobacterium Leptolyngbya sp. KC45. After the extraction step, the ethanolic extract
yielded 48.54 g/kg-biomass (4.85% w/w), which is comparable to the extraction yields
(0.1–10% w/w) reported for other types of cyanobacteria biomass, and there are several
contributors to the phytochemical yields [5]. Figure 1 displays the UV–visible absorption
patterns of phytochemicals from 200–700 nm, showing two primary absorption patterns
at 280–450 nm and 640–690 nm, with additional, smaller absorption peaks at 220–270 nm,
490–525 nm, 525–550 nm, and 590–630 nm. Similarly, Joshi et al. [18] found that the crude
methanolic extract of Leptolyngbya sp. exhibited strong absorption peaks between 290 and
520 nm and 550 and 700 nm. Peaks analogous to those seen in the ethanolic Leptolyngbya sp.
extract in this study were also identified in the methanolic extract of Leptolyngbya sp. [19].

Previous discoveries demonstrating the complexity of phytochemical extracts, includ-
ing the presence of phenolic compounds and pigments that absorb UV–visible light [5,6],
corroborate our results. The ethanolic extract contained chlorophylls, carotenoids, pheno-
lics, and flavonoids at 40.46 mg/g-extract, 1.58 mg/g-extract, 6.17 mg-GAE/g-extract, and
15.07 mg-QE/g-extract, respectively (Table 1). Among the chlorophylls detected, chloro-
phyll a and chlorophyll d were observed at 40.30 mg/g-extract and 0.15 mg/g-extract,
respectively, while chlorophyll b and chlorophyll c were not detectable. Chlorophylls and
carotenoids, two main types of cyanobacterial pigments extracted by solvent extraction, ab-
sorb light with wavelengths between 400 and 550 nm and 600 and 710 nm, respectively [5,6].
Maximum light absorption by chlorophyll a in most plants and algae was found, by Xu
and Harvey [34], to occur around 680 nm, but maximum absorption by chlorophyll d,
discovered in the cyanobacterium Acaryochloris, occurred between 460 and 706 nm [35].
The absorption peak of the ethanolic extract between 220 and 380 nm (Figure 1) determines
the presence of phenolic compounds such as phenolic acids, flavonoids, flavonols, and
anthraquinones [6]. Interestingly, the UV absorption peaks were seen in the ethanolic
extract (Figure 1), with their respective peaks at 200–290 nm (UV-C), 290–320 nm (UV-B),
and 320–400 nm (UV-A), respectively. The same kind of result was observed with the
methanolic extract from Leptolyngbya sp. [18,19]. The absorption of UV also increased
dramatically between the wavelengths of 280 and 400 nm, which correspond to UV-A,
UV-B, and UV-C, suggesting that the ethanolic extract may be used in the formulation of
sunscreen to shield the skin from harmful UV rays [6] and prevent premature aging [36].
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Table 1. Phytochemical composition of the ethanolic extract from cyanobacterium Leptolyngbya sp. KC45.

Phytochemicals Concentration

Chlorophyll a (mg/g-extract) 40.30 ± 0.21

Chlorophyll b (mg/g-extract) Not detectable

Chlorophyll c (mg/g-extract) Not detectable

Chlorophyll d (mg/g-extract) 0.15 ± 0.05

Total chlorophylls (mg/g-extract) 40.46 ± 0.08

Carotenoids (mg/g-extract) 1.58 ± 0.03

Total phenolics (mg-GAE/g-extract) 6.17 ± 2.56

Total flavonoids (mg-QE/g-extract) 15.07 ± 1.17

Although phenolic molecules may substantially absorb UV light, some phenolic com-
pounds, with their colorful nature, can lead to absorption characteristics in the visible light
range [37]. To tentatively identify and characterize the phenolic compounds in the ethanolic
extract, liquid chromatography–electrospray ionization–quadrupole time-of-flight–mass
spectrometry (LC–ESI–QTOF/MS) was conducted by comparing their retention time (RT),
mass error between the observed mass and the theoretical mass (<10 ppm), and MS data
acquired under both negative and positive electron spray ionization modes (ESI−/ESI+).
The data identification scores selected were over 80. As part of an LC–ESI–QTOF/MS
study, positive mode ESI ionization was chosen due to its superior sensitivity over the
negative mode. To achieve a positive ESI state during MS/MS operation, the [M + H]+

ion was selected using the MS scan mode. Therefore, in the case at hand, the observed
compounds with good sensitivity based on the selected precursor ions were recorded, and
all compounds suspected to be present in the ethanolic extract of Leptolyngbya sp. KC45
are listed in Table 2. Through LC–MS/MS, 38 phenolic compounds, including 9 phenolic
acids, 20 flavonoids, 3 phenolic terpenes, 2 phloroglucinols, 2 phenolic glycosides, and
2 additional polyphenols, were found.
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Table 2. Liquid chromatography–electrospray ionization–quadrupole time-of-flight–mass spectrome-
try (LC–ESI–QTOF–MS/MS) polyphenol profiling in the ethanolic extract of Leptolyngbya sp. KC45.

No. Proposed Compounds
Retention

Time
(min)

Mode of
Ionization

Referenced
Mass

Observed
Mass

Mass
Error (ppm) Cyanobacteria

Phenolic acid

Hydroxybenzoic acids

1 Vanillic acid 4-sulfate 1.294 [M + H]+ 247.9991 247.9995 1.85 NA

Hydroxycinnamic acids

2 Cis-Caffeoyl tartaric acid 1.478 [M + H]+ 312.0481 312.0500 5.99 NA

3 m-Coumaric acid 1.561 [M + H]+ 164.0473 164.0469 −2.56
Nostoc sp. [5],

Synechocystis sp.
[38]

4 Cinnamic acid 4.107 [M + H]+ 148.0524 148.0522 −1.51 Synechocystis sp.
[39]

5 2,5-Dimethoxycinnamic
acid 13.578 [M + H]+ 208.0736 208.0717 −8.99 NA

6 p-Methoxycinnamic acid
ethyl ester 43.338 [M + H]+ 206.0943 206.0930 −6.22 NA

7

cis-Ferulic acid
[arabinosyl-(1->3)-

[glucosyl-(1->6)]-glucosyl]
ester

80.355 [M + H]+ 650.2058 650.2104 7.11 NA

8 3,4,5-Trimethoxycinnamic
acid 82.285 [M + H]+ 238.0841 238.0844 1.37 NA

Hydroxyphenylpropanoic acids

9 Dihydrosinapic acid 1.594 [M + H]+ 226.0841 226.0860 8.41 NA

Flavonoids

Anthocyanins

10 Malvidin 3-sophoroside
5-glucoside 1.411 [M + H]+ 817.2402 817.2369 −4.06 NA

11 Curcumin monoglucoside 1.444 [M + H]+ 530.1788 530.1825 7.02 NA

12
Malvidin

3-(6-coumaroylglucoside)
5-glucoside

79.872 [M + H]+ 801.2242 801.2163 −9.82 NA

Flavanols

13 (−)-Epicatechin
7-O-glucuronide 1.444 [M + H]+ 466.1111 466.1065 −9.92 NA

14 7-Galloylcatechin 1.494 [M + H]+ 442.0900 442.0857 −9.83 Unidentified
cyanobacteria [40]

15 (±)-3′,4′-Methylenedioxy-
5,7-dimethylepicatechin 1.511 [M + H]+ 330.1103 330.1105 0.41 NA

16 Epicatechin
3-O-(4-methylgallate) 1.627 [M + H]+ 456.1056 456.1041 −3.30 Nostoc sp. [5]

17 3-methyl-epicatechin 85.814 [M + H]+ 304.0947 304.0958 3.69 NA

18 4′,7-Di-O-methylcatechin 86.163 [M + H]+ 318.1103 318.1125 6.70 NA

Flavones

19 Luteolin 4′-glucoside
7-galacturonide 1.511 [M + H]+ 624.1326 624.127 −9.00 NA

20 6-Methoxyluteolin
7-glucuronide 1.527 [M + H]+ 492.0904 492.0861 −8.69 NA
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Table 2. Cont.

No. Proposed Compounds
Retention

Time
(min)

Mode of
Ionization

Referenced
Mass

Observed
Mass

Mass
Error (ppm) Cyanobacteria

21

8-Hydroxyluteolin
4′-methyl ether

7-(6′′′-acetylallosyl)(1->2)
(6”-acetylglucoside)

1.644 [M + H]+ 724.1851 724.1915 8.89 NA

22
6-Hydroxyluteolin
6,3′-dimethyl ether

7,4′-disulfate
1.694 [M + H]+ 489.9876 489.9897 4.24 NA

23 6-Hydroxyluteolin 6,7-
disulfate 49.28 [M + H]+ 461.9563 461.9526 −7.88 NA

24 Luteolin 4′-methyl ether
7,3′-disulfate 56.137 [M + H]+ 459.9770 459.9779 1.93 NA

25
6-Hydroxyluteolin

4′-methyl eter 7-rhamnosyl-
(1->2)-(6”-acetylglucoside)

79.988 [M + H]+ 666.1796 666.1801 0.70 NA

26
Luteolin 4′-methyl ether

7-(4G-
rhamnosylneohesperidoside)

80.321 [M + H]+ 754.2320 754.2272 −6.36 NA

Flavonols

27 Quercetin 3-O-sulfate 1.311 [M + H]+ 381.9995 381.9968 −6.96 NA

28
Quercetin 3-(2”-

glucosylgalactoside)
7-glucoside

79.839 [M + H]+ 788.2011 788.2013 0.20 NA

Isoflavonoids

29 Dalbergin 1.860 [M + H]+ 268.0736 268.0725 −3.83 Nostoc sp. [5]

Other polyphenols

Phenolic glycoside

30 Dihydrocaffeic acid
3-O-glucuronide 1.394 [M + H]+ 358.0900 358.0887 −3.60 Nostoc sp. [5]

31
5-(3′,5′-Dihydroxyphenyl)-

gamma-valerolactone
3-O-glucuronide

1.611 [M + H]+ 384.1056 384.1065 2.10 Nostoc sp. [5]

Methoxyphenols

32 Curcumin I 1.444 [M + H]+ 396.1573 396.1542 −7.88 NA

Phloroglucinols

33 Phloroglucinol 1.494 [M + H]+ 126.0317 126.0328 8.85

Oscillatoria sp.,
Chroococcidiopsis sp.,
Leptolyngbya sp.,

Calothrix sp.,
Nostoc sp. and
Phormidium sp.

[5,41]

34 Dihydrophloroglucinol 83.584 [M + H]+ 128.0473 128.0469 −3.85 Nostoc sp. [5]

Phenolic terpenes

35 Carnosic acid 82.418 [M + H]+ 332.1988 332.1959 −8.68 Nostoc sp. [5]

36 11,12-Dimethylrosmanol 86.496 [M + H]+ 374.2093 374.2088 −1.27 Nostoc sp. [5]

37 6,7-Dimethoxy-7-
epirosmanol 86.496 [M + H]+ 390.2042 390.2056 3.59 Nostoc sp. [5]

Lignan derivatives

38 2′-Hydroxyenterolactone 84.599 [M + H]+ 314.1154 314.1128 −8.29 NA

NA, not available.
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A total of nine phenolic acids belonging to three different subclasses were tentatively
identified in the extract (Table 2). Hydroxycinnamic acids were the dominant subgroup
of phenolic acids, with seven compounds (Compounds 2, 3, 4, 5, 6, 7, and 8). Only one
hydroxyphenylpropanoic acid compound (Compound 9) was tentatively identified, while
another was hydroxybenzoic acid (Compound 1). Compounds 1, 2, 3, 4, 5, 6, 7, 8, and
9 were designated as vanillic acid 4-sulfate, cis-caffeoyl tartaric acid, m-coumaric acid,
cinnamic acid, 2,5-dimethoxycinnamic acid, p-methoxycinnamic acid ethyl ester, cis-ferulic
acid [arabinosyl-(1->3)-[glucosyl-(1->6)]-glucosyl] ester, 3,4,5-trimethoxycinnamic acid, and
dihydrosinapic acid, respectively. Among phenolic acids, m-coumaric acid (Compound 3)
and cinnamic acid (Compound 4) have already been identified in some cyanobacteria, such
as Nostoc sp. and Synechocystis sp. [5,38,39].

A higher diversity of flavonoids was found among the phenolic compounds identi-
fied in the extract. A total of 20 flavonoids belonging to 5 subgroups were identified
in this study. According to Table 2, the compounds 10–12, 13-18, 19–26, 27–28, and
29 were analyzed and classified as anthocyanins, flavanols, flavones, flavonols, and
isoflavonoids, respectively. Malvidin 3-sophoroside 5-glucoside, curcumin monogluco-
side, and malvidin 3-(6-coumaroylglucoside) 5-glucoside were compounds 10, 11, and 12,
respectively. Compounds 13, 14, 15, 16, 17, and 18 were designated as (−)-epicatechin
7-O-glucuronide, 7-galloylcatechin, (±)-3′,4′-Methylenedioxy-5,7-dimethylepicatechin, epi-
catechin 3-O-(4-methylgallate), 3-methyl-epicatechin, and 4′,7-Di-O-methylcatechin, re-
spectively. Compounds 19, 20, 21, 22, 23, 24, 25, and 26 were characterized as luteolin 4′-
glucoside 7-galacturonide, 6-methoxyluteolin 7-glucuronide, 8-hydroxyluteolin 4′-methyl
ether 7-(6′′′-acetylallosyl) (1->2)(6′′-acetylglucoside), 6-hydroxyluteolin 6,3′-dimethyl ether
7,4′-disulfate, 6-hydroxyluteolin 6,7- disulfate, luteolin 4′-methyl ether 7,3′-disulfate, 6-
hydroxyluteolin 4′-methyl ester 7-rhamnosyl-(1->2)-(6′′-acetylglucoside), and luteolin 4′-
methyl ether 7-(4G-rhamnosylneohesperidoside), respectively. Compounds 27 and 28 were
identified as quercetin 3-O-sulfate and quercetin 3-(2′′- glucosylgalactoside) 7-glucoside,
respectively. Compound 29 was detected as dalbergin. Among the flavonoids character-
ized, three compounds, including 7-galloylcatechin (Compound 14), epicatechin 3-O-(4-
methylgallate) (Compound 16), and dalbergin (Compound 29), have already been reported
in an unidentified cyanobacterial strain [40] and Nostoc sp. [5].

Nine other polyphenols were classified as phenolic glycosides (Compounds 30–31),
methoxyphenols (Compound 32), phloroglucinols (Compounds 33–34), phenolic terpenes
(Compounds 35–37), and lignan derivatives (Compound 38) (Table 2). Compounds 30
and 31 were tentatively identified as dihydrocaffeic acid 3-O-glucuronide and 5-(3′,5′-
Dihydroxyphenyl)-gamma-valerolactone 3-O-glucuronide, respectively, which have al-
ready been observed in Nostoc sp. [5]. Compound 32 was curcumin I, and phloroglucinol
and dihydrophloroglucinol were compounds 34 and 35, respectively. Phloroglucinol has
been reported in some cyanobacteria, such as Oscillatoria sp., Chroococcidiopsis sp., Leptolyn-
gbya sp., Calothrix sp., Nostoc sp., and Phormidium sp. [5,41], while dihydrophloroglucinol
was found in Nostoc sp. [5]. Compounds 35, 36, and 37 were tentatively detected as
carnosic acid, 11,12-Dimethylrosmanol, and 6,7-Dimethoxy-7-epirosmanol, respectively,
which have already been observed in Nostoc sp. [5]. Compound 38 was identified as
2′-hydroxyenterolactone.

Table 3 shows the comparison of identified compounds with previous studies [42–100]
on bioactivities. It was found that there have been no investigations on the bioactivities of
compounds 1, 5, 7, 12–16, 18, 21–25, or 28. Interestingly, compounds 2–4, 6, 8–11, 17, 19,
20, 26–27, and 29–38 were already known to have antioxidant properties, confirming that
the availability of the compounds in Leptolyngbya ethanolic extract might play an impor-
tant role in stabilizing harmful oxidants. Fourteen of the thirty-eight identified phenolic
compounds were found to be enzyme inhibitors. These enzyme-related disease inhibitors
include compounds 2–4, 6, 8, 9, 14, 19, 26, 32, 33, and 35–37. More importantly, half of
all identified phenolic compounds, including compounds 2–4, 6, 8–11, 13, 14, 27, 29, and
32–38, were characterized as potential cancer inhibitors, indicating that these compounds
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might contribute to the anticancer activity of Leptolyngbya ethanolic extract. This shows that
Leptolyngbya sp. ethanolic extract could be used in the pharmaceutical, nutraceutical, and
functional food industries. However, quantitative studies on identified phenolic profiling
should be examined in further studies by comparing with standard compounds in order to
expand the current understanding of the phytochemical characterization. Overall, the phy-
tochemical profile of Leptolyngbya sp. ethanolic extract indicates the presence of potentially
beneficial pigments and phenolic compounds. Thus, the application of Leptolyngbya sp.
ethanolic extract might have a sizeable bearing on the process of industrializing and com-
mercializing the bioactive ingredients.

Table 3. Comparison of identified compounds with previous studies on bioactivities.

No. Proposed Compounds Antioxidant Activity Enzyme Inhibitory Activity Anticancer Activity

Phenolic acid

Hydroxybenzoic acids

1 Vanillic acid 4-sulfate NA NA NA

Hydroxycinnamic acids

2 Cis-Caffeoyl tartaric acid
Pacifico et al. [42];
Cassino et al. [43];
Ghareeb et al. [44]

Li et al. [45] Ghareeb et al. [44]

3 m-Coumaric acid Sarker and Oba [46];
Roychoudhury et al. [47] Roychoudhury et al. [47] Roychoudhury et al. [47]

4 Cinnamic acid Sova [48]; Pontiki et al. [49] Adisakwattana et al. [50];
Sheng et al. [51] Pontiki et al. [49]

5 2,5-Dimethoxycinnamic acid NA NA NA

6 p-Methoxycinnamic acid
ethyl ester Rychlicka et al. [52]

Rychlicka et al. [52];
Płowuszyńska and
Gliszczyńska [53]

Rychlicka et al. [52]

7
cis-Ferulic acid [arabinosyl-

(1->3)-[glucosyl-(1->6)]-
glucosyl] ester

NA NA NA

8 3,4,5-Trimethoxycinnamic acid Zhao et al. [54] Zhao et al. [54];
Kos et al. [55] Zhao et al. [54]

Hydroxyphenylpropanoic acids

9 Dihydrosinapic acid Chen [56]; Nićiforović and
Abramovič [57]

Chen [56]; Nićiforović and
Abramovič [57]

Chen [56]; Nićiforović and
Abramovič [57]

Flavonoids

Anthocyanins

10 Malvidin 3-sophoroside
5-glucoside Ge et al. [58] NA Li et al. [59];

Mansour et al. [60]

11 Curcumin monoglucoside Pandareesh et al. [61] NA Gurung et al. [62]

12
Malvidin

3-(6-coumaroylglucoside)
5-glucoside

NA NA NA

Flavanols

13 (-)-Epicatechin 7-O-glucuronide Natsume et al. [63] NA Widowati et al. [64]

14 7-Galloylcatechin Plumb et al. [65] Wu et al. [66] Min and Kwon [67]

15 (±)-3′,4′-Methylenedioxy-5,7-
dimethylepicatechin Fan et al. [68] NA NA

16 Epicatechin
3-O-(4-methylgallate) NA NA NA

17 3-methyl-epicatechin Spencer et al. [69] NA NA

18 4′,7-Di-O-methylcatechin NA NA NA
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Table 3. Cont.

No. Proposed Compounds Antioxidant Activity Enzyme Inhibitory Activity Anticancer Activity

Flavones

19 Luteolin 4′-glucoside
7-galacturonide Park and Song [70] Park and Song [70] NA

20 6-Methoxyluteolin
7-glucuronide Weng and Wang [71] NA NA

21
8-Hydroxyluteolin 4′-methyl

ether 7-(6′′′-acetylallosyl)
(1->2)(6′′-acetylglucoside)

NA NA NA

22 6-Hydroxyluteolin 6,3′-dimethyl
ether 7,4′-disulfate NA NA NA

23 6-Hydroxyluteolin 6,7- disulfate NA NA NA

24 Luteolin 4′-methyl ether
7,3′-disulfate NA NA NA

25
6-Hydroxyluteolin 4′-methyl
eter 7-rhamnosyl-(1->2)-(6′′-

acetylglucoside)
NA NA NA

26 Luteolin 4′-methyl ether 7-(4G-
rhamnosylneohesperidoside) Cortés et al. [72] Cortés et al. [72] NA

Flavonols

27 Quercetin 3-O-sulfate Valentová et al. [73];
Gervasi et al. [74] NA Wu et al. [75]

28 Quercetin 3-(2′′-
glucosylgalactoside) 7-glucoside NA NA NA

Isoflavonoids

29 Dalbergin Ma et al. [76]; Lucas et al. [77] NA Valojerdi et al. [78];
Khan et al. [79]

Other polyphenols

Phenolic glycoside

30 Dihydrocaffeic acid
3-O-glucuronide

Iqbal et al. [80];
Piazzon et al. [81] NA NA

31
5-(3′,5′-Dihydroxyphenyl)-

gamma-valerolactone
3-O-glucuronide

Zhong et al. [82] NA NA

Methoxyphenols

32 Curcumin I Jakubczyk et al. [83];
Bisset et al. [84] Bisset et al. [84] Ojo et al. [85]

Phloroglucinols

33 Phloroglucinol Delfanian et al. [86];
Drygalski et al. [87]

Wan et al. [88];
Burmaoglu et al. [89]

Kim et al., [90];
Kang et al., [91]

34 Dihydrophloroglucinol Zhang et al. [92] NA Chauthe et al. [93]

Phenolic terpenes

35 Carnosic acid Lin et al. [94]; Jiang et al. [95] Sheng et al. [96];
Ercan and El [97] Lin et al. [94]; Jiang et al. [95]

36 11,12-Dimethylrosmanol Salem et al. [98] Salem et al. [98] Salem et al. [98]

37 6,7-Dimethoxy-7-epirosmanol Salem et al. [98] Salem et al. [98] Salem et al. [98]

Lignan derivatives

38 2′-Hydroxyenterolactone Polat Kose and Gulcin [99] NA Mali et al. [100]

NA, not available.
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3.2. Bioactivity Potentials
3.2.1. Antioxidant Activity

Since free radicals may cause a lot of damage to foods and biological systems, antiox-
idant properties are crucial [6]. The three most prevalent types of antioxidant tests, i.e.,
2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis (3-ethylbenzthiazoline-6- sulfonic
acid) (ABTS), and potassium-ferricyanide-reducing antioxidant power (PFRAP), were em-
ployed to determine the levels of antioxidant activity in the ethanolic extract. DPPH is
a persistent free radical that is purple in color. It has been extensively used to test the
antioxidant capacity of various substances, and it displays a characteristic absorption band
at 517 nm [24]. This technique relies on the creation of the non-radical form DPPH-H, which
results from the reduction of the stable free radical DPPH in the presence of a hydrogen-
donating antioxidant [24]. As shown in Figure 2a,b, the DPPH radical scavenging activity
of the ethanolic extract had an IC50 of 35.51 mg/mL, with the gallic acid equivalent an-
tioxidant capacity of 0.40 mg-GAE/g-extract, indicating that Leptolyngbya phytochemicals
include efficient hydrogen-donating molecules that will convert the DPPH free radicals
into a more stable state [27]. This demonstrates that the phytochemicals derived from
Leptolyngbya sp. KC45 might possibly be employed as a DPPH inhibitor to protect cells
from oxidative stress by scavenging DPPH free radicals. It was discovered that chloro-
phylls [6], carotenoids [101], and phenolics [5] could all play a significant role in the process
of scavenging DPPH free radicals. Similarly, the phytochemicals obtained from plants
and algae with different solvent extraction methods, such as the methanolic extract of
edible macroalgae [1], the methanol extract of Clausena excavata, Clausena harmandiana, and
Murraya koenigii [30], the methanolic extracts of Leptolyngbya sp. SI-SM [41], the methanolic
and ethanolic extracts of Leptolyngbya sp. LMECYA 173 [8], and the diethyl ether extracts of
Leptolyngbya sp. DEEL-3 [15], can effectively neutralize the DPPH free radical to a more
stable form by providing IC50 values of 0.08–50.0 mg/mL.
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To test the antioxidant potential of the ethanolic extract based on hydrogen-donating
antioxidants against nitrogen radicals, the ABTS radical scavenging activity assay was em-
ployed in this study. In this assay, the reducing power of an antioxidant is measured by its
ability to neutralize a colored stable ABTS free radical. By reducing the absorbance of samples
at 734 nm, spectrophotometry can quantify the decolorization of an ABTS solution caused
by the hydrogen provided by antioxidant components in the extract reacting with ABTS
radicals [19]. This capacity is used to define an antioxidant’s level of antioxidant activity [25].
According to Figure 2a,b, the ethanolic extract showed antioxidant potential by scavenging
ABTS with an IC50 value of 3.31 mg/mL (16.33 mg-GAE/g-extract), which is in good agree-
ment with the previous publications reported by Ijaz and Hasnain [41], Ghareeb et al. [44],
Anas et al. [102], and Mali et al. [103]. They found that the phytochemicals of various
plants and algae extracted with different solvents, such as methanolic extracts, ethanolic
extracts, and diethyl ether extracts, gave IC50 values in the range of 0.07–8.00 mg/mL. This
demonstrates that the ABTS free radicals are stabilized by accepting a hydrogen ion from
the phytochemicals. It was shown that phenolic compounds, especially phenolic acids and
flavonoids, and pigments, such as chlorophylls and carotenoids, contribute significantly
to ABTS radical scavenging action [103]. As a result, the Leptolyngbya phytochemicals not
only remove free radicals by scavenging DPPH, but they also stabilize ABTS free radicals,
which implies they have the potential to be employed as oxidant inhibitors to protect cells
from the damaging effects of oxidative stress.

Aside from the mechanism of scavenging harmful free radical reactions, the ability of
the ethanolic extract to reduce Fe3+ ions to the blue Fe2+ ion complex was measured using
the PFRAP assay. The PFRAP test is a standard approach that was created to measure the
electron-donating capacity of bioactive substances, which may be reflective of their antioxi-
dant potency [27]. In the presence of antioxidants, the reduction of the Fe3+ ferricyanide
complex to the Fe2+ complex results in the creation of the intense Perl’s Prussian blue
complex, which possesses a high absorbance at 700 nm. If the absorbance of the reaction so-
lution at 700 nm is higher, this implies that it has a greater capacity to reduce ferric ions [19].
The ethanolic extract exhibited PFRAP activity, with a value of 12.51 mg-GAE/g-extract
(Figure 2a), which is in line with previously reported phytochemicals from the methanol
extract of Clausena excavata, Clausena harmandiana, and Murraya koenigii [30], the hexane and
ethyl acetate extracts of Leptolyngbya sp. [102], and the methanolic extract of Leptolyngbya
sp. [19], providing PFRAP activity of 0.1–50 mg-GAE/g-extract. In the biological system,
Fe3+ ions are among the most powerful pro-oxidants, and their combination with H2O2
results in the generation of harmful OH radicals. An abnormal accumulation of metal ions
in the cellular system can also result in a variety of different abnormalities [104]. Therefore,
the ethanolic extract with the ability to reduce the ferric ion obtained in this study could
prevent the generation of OH radicals, resulting in the absence of oxidative damage. In
the literature, this extract, which is abundant in pigments and phenolic compounds, has
demonstrated outstanding PFRAP activity, and has been found to be an effective scavenger
of reactive species such as OH radicals, oxygen radicals, and reactive oxygen species [5,6].
Overall, the ethanolic extract of Leptolyngbya sp. KC45 displayed significant antioxidant
capacity, which consisted of one or two radical scavenging mechanisms. This indicates that
the Leptolyngbya sp. KC45 extract might potentially represent a promising antioxidative
functional component.

3.2.2. Tyrosinase Inhibitory Activity

Melanin is the pigment that is responsible for the skin, and there is a possibility that
persistent exposure to the sun might cause an excessive amount of melanin production,
which is typically correlated with skin problems such as hyperpigmentation, age spots, and
freckles [27]. The production of melanin requires the catalytic hydroxylation of L-tyrosine
to L-3,4-dihydroxyphenylalanine (L-DOPA), and the subsequent oxidation of L-DOPA to
dopaquinone, both of which are catalyzed by the copper-containing enzyme tyrosinase [26].
It is possible to regulate the formation of melanin by limiting the activity of the tyrosinase
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enzyme. Jesumani et al. [36] proposed that the suppression of tyrosinase activity is a
relevant factor in determining the skin-whitening effect of a substance. Thus, it is crucial to
investigate the natural substances that have been shown to have strong tyrosinase inhibitory
activity. In this study, the ethanolic extract of Leptolyngbya sp. KC45 was tested for its
ability to inhibit tyrosinase, using L-DOPA as a substrate, to determine whether or not
it should be pursued as a potential source of antiaging ingredients for use in cosmetics.
Based on Figure 3, the ethanolic extract was found to have positive tyrosinase inhibitory
activity, with an IC50 value of 5.48 mg/mL (20.37 mg-KE/g-extract), which is similar
to the various solvent extracts from different natural sources (IC50 of 0.02–7.4 mg/mL),
such as microalgae [105], cyanobacteria [106], and plants [107]; therefore, it has the potential
to be used in the creation of a tyrosinase inhibitor for skincare products. The presence
of anti-tyrosinase activity was shown to be associated with the presence of pigments
and phenolic compounds in the extract, which is consistent with the findings reported by
Jesumani et al. [36] and Klomsakul and Chalopagorn [108]. According to Ruangrit et al. [26],
the enzyme may undergo steric obstruction or conformational change as a result of the
extract, which contains effective hydroxyl groups and has the potential to form hydrogen
bonds at a location on the tyrosinase enzyme. Similarly, phenolic hydroxyl penetrates the
hydrophobic cavity of tyrosinase, causing a conformational shift in the enzyme that, in
turn, has an effect on its catalytic activity [109]. Phenolic substances, and phenolic acids
in particular, have phenol rings that include at least one hydroxyl group, which allows
them to suppress the activity of tyrosinase enzymes [110]. The inhibition of tyrosinase
activity will be strongly impacted by both the quantity of phenolic hydroxyl groups present
in the flavonoids and their locations within the molecule [109]. Based on these results,
it seems that the ethanolic extract of Leptolyngbya sp. KC45 has the potential to inhibit
tyrosinase, scavenge free radicals, and absorb UV light, all of which are desirable properties
in a skin-whitening formulation.
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3.2.3. Collagenase Inhibitory Activity

Since collagenase is the enzyme that is capable of degrading collagen, which is a major
component of the extracellular matrix that plays key functions in skin tightening and skin
resilience, inhibiting this enzyme would lead to a delay in the aging process associated with
the skin [111,112]. Collagen fibers have usually been thought of as the main fibrillar compo-
nent of the skin’s dermis layer, a layer of connective tissue between the outermost skin layer
(the epidermis) and the deepest skin layer (the subcutaneous fat layer). However, when
free radicals build up in the skin following exposure to photoaging stimuli, the collagenase
enzyme might be activated indirectly, contributing to the accelerated aging of the skin,
characterized by the emergence of wrinkles, freckles, sallowness, and/or deep furrows,
or by severe atrophy, laxity, and/or leathery texture of the skin [113]. More importantly,
the excessive production of the collagenase enzyme was shown to cause dry skin in adults
older than 60 years. This can lead to severe xerosis, which is marked by skin inflammation,
itching, and fissured and cracked skin [112]. As a result, the inhibition of collagenase,
along with the stabilization of damaging free radicals, is crucial for the prevention of cell
damage. In this study, the inhibition effects of the ethanolic extract of Leptolyngbya sp.
KC45 on collagenase enzyme activity were investigated, and are shown in Figure 3.
The ethanolic extract can inhibit the collagenase enzyme at IC50 rates of 3.36 mg/mL
(49.12 mg-EGCGE/g-extract), which are in line with the extracts (IC50 = 0.01–6 mg/mL)
from white tea [28], glutinous rice husk [111], Turbinaria decurrens Bory [114], and Citrus
unshiu orange [115]. The phytochemical extract’s pigments [114] and phenolic compo-
nents [115] have collagenase inhibitory action. According to Mechqoq et al. [116], as re-
ported in the literature, phenolic compounds, which include phenolic acids and flavonoids,
have a high affinity for collagenase, and have the ability to interact with the active sites
of collagenase by forming hydrogen bond interactions with those sites in order to block
the enzyme. Therefore, it is important to highlight that the ethanolic extract of Leptolyng-
bya sp. KC45 has the virtues of inhibiting tyrosinase and collagenase, and has significant
antioxidant activities, making it a potential bioactive component in the cosmeceutical sector.

3.2.4. Angiotensin-Converting Enzyme (ACE) Inhibitory Activity

The most important contributor to the development of cardiovascular disease is high
blood pressure (hypertension). Hypertension is one of the most common health problems
in the world. It is linked to many other health problems, such as heart disease, chronic
kidney failure, aneurysm, and stroke [117]. Blocking the angiotensin-I-converting enzyme
(ACE) is an important part of treating hypertension because of its role in blood pressure
regulation. In the human body, ACE is the major enzyme in the renin–angiotensin system
(RAS) pathway. It is responsible for the conversion of the inactive form of angiotensin I
(Ang I) into the strong vasoconstrictor angiotensin II (Ang II; highly active form) [118]. ACE
is also responsible for the destruction of bradykinin, which is a vasodilator. Bradykininogen
is the substrate from which active hypertensive bradykinin is derived; afterwards, kinase
II catalyzes the degradation of bradykinin into inactive components [119]. As a result,
the inhibition of ACE has emerged as a viable contemporary therapeutic strategy for the
treatment of hypertension. In this study, the ACE-inhibiting potential of the ethanolic
extract of Leptolyngbya sp. KC45 was evaluated. The ethanolic extract showed potent ACE
inhibition, with IC50 values of 23.67 mg/mL (0.15 mg-EE/g-extract) (Figure 3); however,
these values were still lower than those seen with enalapril (0.0035 mg/mL) as a commercial
standard drug. Although the ethanolic extract has lower ACE inhibitory activity than
enalapril, it has the potential to be used as a substitute for ACE inhibitors in order to
protect patients from the potentially harmful side effects of enalapril and other medicines
that are commercially related [29]. There was a possibility that some of the pigments and
phenolic chemicals in the ethanolic extract acted as ACE inhibitors or as molecules that
were cardioprotective. Similarly, both Liu et al. [120] and Sukandar et al. [121] noted that
ACE inhibitory effects were associated with phenolic components such as phenolic acids
and flavonoids identified in plant ethanolic extracts, which might decrease the production
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of Ang II and reduce the degradation of bradykinin [118]. According to Ali et al. [117], the
ability of phenolic acids to suppress ACE activity was shown to be affected by whether
or not particular functional groups (hydroxyl, carboxyl, and ketone) were present in
the extract. In addition, several hydrogen bonds and hydrophobic interactions between
phenolic chemicals and ACE’s catalytic residues were shown to be crucial in inhibiting
the enzyme’s catalytic activity [122]. Until now, a lot of effort has been put into exploring
the natural product universe for ACE inhibitors, in the hopes of discovering ones with
more favorable pharmacological profiles and fewer adverse effects. The obtained ethanolic
extract of Leptolyngbya sp. KC45 in this study would thus provide potential medicinal and
economic advantages as a functional component.

3.2.5. α-Glucosidase Inhibitory Activity

α-Glucosidase is an important enzyme that plays a role in the digestive process of
carbohydrates that occur in the human body. This enzyme plays a role in the release of
glucose from disaccharides or complex carbohydrates, hence contributing to an increase in
postprandial blood glucose levels [123]. Inhibition of this enzyme is one of the therapeutic
options that may be used in the treatment of diabetic complications. It is possible to reduce
postprandial hyperglycemia by blocking α-glucosidase, which results in a slowing of both
the digestion of carbohydrates and the absorption of glucose [124]. Several synthetic α-
glucosidase inhibitors, including metformin and acarbose, are commercially available for
the treatment of diabetes mellitus. The use of these synthetic drugs, on the other hand, has
been linked to a number of negative side effects in diabetes patients, including abdominal
distention, flatulence, meteorism, and diarrhea [125]. Given the high cost and frequent ad-
verse effects of many antidiabetic drugs, natural ingredients have become a popular alterna-
tive for obtaining hypoglycemic agents. In this study, the ethanolic extract of Leptolyngbya sp.
KC45 inhibited the α-glucosidase enzyme with a IC50 value of 5.47 mg/mL (207.24 mg-
AE/g-extract) (Figure 3), which is in line with the extracts (IC50 = 0.01–50 mg/mL) from
black legumes [123], shmar (Arbutus pavarii Pamp) [124], guarana [125], and
algae [126]. The high inhibitory activity against the α-glucosidase enzyme may be due to the
high concentration and variety of phenolic chemicals found in the extract. Similarly, along
with their powerful antioxidant action, phenolic-rich samples have been shown to have a
high potential for suppressing the activity of the α-glucosidase enzyme [124]. In addition,
several studies have demonstrated that phytochemicals from plants and algae might be a
rich natural supply of phenolic and flavonoid compounds, which are well-known for their
significant hypoglycemic potential [126,127]. It is important to point out that the ethanolic
extract obtained from Leptolyngbya sp. KC45 has a substantial proportion of substances
that inhibit α-glucosidase. However, the α-glucosidase inhibitory activity of the extract
was still lower than that of acarbose as a commercial synthetic drug (IC50 = 1.13 mg/mL).
Hence, we propose that combining the use of ethanolic extract with a low dosage of synthetic
drugs could be one of the alternative possibilities for treating hyperglycemia with minimal
side effects. In the literature, Proenca et al. [128], Ahn et al. [129], and Etsassala et al. [130]
found that phenolic and flavonoid phytochemicals can limit α-glucosidase activity by
inserting themselves into the active site of the enzyme and interacting with it in various
ways, including by traditional hydrogen bonding and carbon–hydrogen bonding. It can
be inferred that the ethanolic extract, which exhibits α-glucosidase inhibitory activity, ob-
tained in this study might block the substrate-binding active site of the enzyme, thereby
preventing the oligosaccharides from accessing the active site. Thus, the ethanolic extract
of Leptolyngbya sp. KC45 might be beneficial for glucose-related diseases.

3.3. Cytotoxicity

In addition to the antioxidant and enzyme inhibitory abilities obtained from the
studies on Leptolyngbya sp. KC45 ethanolic extract, the cytotoxicity test (or antiproliferative
activity) of the ethanolic extract by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide reduction (MTT) assay was carefully conducted against three types of human
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cancer cell, namely, skin cancer A375 cells, lung cancer A549 cells, and colon cancer Caco-2
cells, compared to normal Vero cells. The results reveal that the cell viabilities of cancer cells
and normal cells decline linearly with increasing concentrations of the extract (Figure 4).
After 48 h of treatment, the ethanolic extract exhibited antiproliferative activity on A375
cells with an IC50 of 1.11 mg/mL, A549 cells with an IC50 of 2.26 mg/mL, Caco-2 cells with
an IC50 of 2.02 mg/mL, and Vero cells with an IC50 of 3.64 mg/mL. Since a low IC50 value
means that the extract is effective at low concentrations, the ethanolic extract appeared to
have a significant amount of anticancer action, indicating that all three cancer cells, but not
normal cells, exhibited a moderate to very significant antiproliferative impact after being
exposed to the extract. However, there are no standard IC50 values or ranges for comparison.
In general, the extract should have exhibited a lower IC50 when applied to cancer cells
compared to normal cells. Similarly, Trabelsi et al. [131] suggested that the extract, which is
more sensitive to cancer cells but not hazardous to normal cells, might be used as a model
for the development of a program to treat cancer. In the literature, the selectivity index (SI)
indicates the selectivity of a given compound between normal and cancer cells [132]. The
SI was calculated as the average of the IC50 value in the normal cell line divided by the IC50
value in the cancer cell line obtained in each independent experiment [133]. The SI of the
ethanolic extract ranged from 1.6 to 3.2, indicating that the extract was more effective against
cancer cells than toxic to normal cells. However, an SI value≥10 was assumed to belong to a
selected potential sample that can be further investigated [132]. Weerapreeyakul et al. [134]
proposed a lower SI value (≥3) for classifying a prospective anticancer sample. A high
SI value at ≥2 suggests a promising alternative or complementary treatment for cancer
patients [135]. While Krzywik et al. [136] suggested that if the extract has a favorable SI
greater than 1.0, this means that it is more effective against cancer cells than it is hazardous
to normal cells, indicating the potential use of the extract as an inhibitor for cancer treatment.
Although the ethanolic extract has a low SI, it has the potential to be used as a substitute
for cancer treatment in order to protect patients from the potentially harmful side effects of
commercial drugs [137]. Therefore, it is interesting to note that in this study, cancer cells,
in comparison to normal cells, exhibited a higher level of sensitivity, which might lead to
the development of effective anticancer applications that have a lower level of toxicity for
the body.

In line with our results, cancer cells of the types HeLa, MCF-7, Hep3B, A549, C6,
and HT29 were found to be sensitive to the cytotoxicity of a methanolic extract of four
cyanobacteria (Chroococus minutus, Geitlerinema carotinosum, Nostoc linckia, and Anabaena
oryzae) rich in pigments and phenolics [138]. Our findings are consistent with those of
Kim et al. [139], Mesas et al. [140], and N’guessan et al. [141], who all found that ethanolic
extracts of medicinal plants exhibited comparable cytotoxicity toward human cancer cells
(T84, HT1080, MCF-7, MDA-MB231, and HCT-15). They also proposed that the presence
of chlorophyll, carotenoids, and phenolics in the extract could be associated with the
antioxidant and anticancer effects that these compounds possess. This indicates that
the anticancer properties seen in the ethanolic extract are attributed to the presence of
chlorophylls, carotenoids, phenolics, and flavonoids, and that the phytochemical extract
from Leptolyngbya sp. KC45 has potential as a bioactive component with applications in the
nutraceutical, cosmetic, and pharmaceutical sectors. However, before the extract can be
used as a therapeutic agent, more research is needed regarding its effects on animal models,
as well as clinical evaluations of the extract’s efficacy.

Cancer can be defined in large part by the resultant uncontrolled cell proliferation and
the limitation of apoptosis in the affected cells. Traditional cancer therapies have focused on
inhibiting cell division and killing cancerous cells through a process called apoptosis [142].
In this study, the morphological features of apoptosis were studied to understand how
the ethanolic extract of Leptolyngbya sp. KC45 could promote apoptosis. After treating
cancer cells with the extract at different concentrations for 48 h, treated cells lost their ability
to adhere to one another, shrank, and rounded off when compared with untreated cells
(Figure 5). The increasing concentration of the extract also proved the presence of apoptosis-
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related phenomena in the apoptotic cells, such as cell shrinkage, membrane blebbing
condensation, margination of nuclear chromatin, apoptotic bodies, and engulfment by
neighboring cells (Figure 5), which corroborates the findings of Kaewkod et al. [31]. In
addition, the activation of deoxyribonucleic acid (DNA) fragmentation was studied in order
to validate the apoptosis process. DNA fragmentation is one of the features that can be
used to identify apoptotic cell death [143]. Through the agarose gel electrophoresis analysis
(Figure 6), DNA fragments between 200 and 1000 bp were found in cancer cells treated
with the ethanolic extract, and strong DNA bands were also observed with increasing
concentrations of the extract, suggesting that this extract can trigger apoptosis-induced
DNA fragmentation in all three cancer cells.
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cancer properties seen in the ethanolic extract are attributed to the presence of chloro-
phylls, carotenoids, phenolics, and flavonoids, and that the phytochemical extract from 
Leptolyngbya sp. KC45 has potential as a bioactive component with applications in the 
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cused on inhibiting cell division and killing cancerous cells through a process called apop-
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Figure 4. The cytotoxicity of skin cancer A375 cells, lung cancer A549 cells, and colon cancer Caco-2
cells after treatment with the ethanolic extract from cyanobacteria, Leptolyngbya sp. KC45 when
compared with control cells, i.e., normal Vero cells, for 48 h. Cell viability was measured using
the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduction (MTT) assay (a) and
calculated for comparisons with the control cells (b).

The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
also serves as a confirmation test for the detection of apoptosis DNA fragmentation [3].
In this study, the impact of the ethanolic extract on the DNA damage of three different
types of cancer cells was discovered by labeling the cancer cells with 4′,6-diamidino-2-
phenylindole (DAPI) and TUNEL fluorescent dyes after 48 h of treatment with the extract.
Staining with DAPI, which emits blue fluorescence, can show whether a cell is alive or dead
by revealing its nucleus. Only DNA deterioration may be detected by TUNEL labeling,
which uses terminal deoxynucleotidyl transferase (TdT) to integrate labeled dUTP into
free hydroxyl termini formed after fragmentation of genomic DNA [144]. According to
Figure 7, the results show that after being treated with the extract, the nuclei of all three
types of cancer cells exhibited green fluorescence from TUNEL labeling; on the other hand,
the nuclei of untreated cancer cells did not exhibit this fluorescence, indicating that all
three types of cancer cells fragmented their DNA similarly when tested using agarose gel
electrophoresis, confirming the effects of the ethanolic extract. According to the findings of
this investigation, the ethanolic extract of Leptolyngbya sp. KC45 might potentially be used
in the treatment of cancer in the future. However, further studies on the analysis of the
expression of genes related to apoptosis should be investigated for a better understanding
of the gene expression of molecules regulating apoptotic pathways in cancer cells treated
with the extract.
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Leptolyngbye sp. KC45, for 48 h when compared with control cells, i.e., normal Vero cells, by agarose
gel electrophoresis (a) and inverting (black/white) the agarose gel (b).
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TUNEL, and observed under a fluorescent microscope. 
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tolyngbya sp. KC45 might potentially be used in the future as an alternative to scavenging 
harmful free radicals, and as an enzyme-related disease inhibitor, as well as a cancer ther-
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future study, an in vivo assay is needed to determine how the body will respond to the 
extract, since in vivo studies investigate the actual effect on an organism, whether it be a 

Figure 7. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay of skin
cancer A375 cells, lung cancer A549 cells, and colon cancer Caco-2 cells after treatment with the
ethanolic extract from cyanobacteria, Leptolyngbya sp. KC45, when compared with control cells, i.e.,
normal Vero cells, for 48 h. The cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) and
TUNEL, and observed under a fluorescent microscope.

Following several stages employed in this study, the ethanolic extract from Leptolyn-
gbya sp. KC45 might potentially be used in the future as an alternative to scavenging
harmful free radicals, and as an enzyme-related disease inhibitor, as well as a cancer ther-
apeutic agent. However, this study was only carried out as an in vitro investigation. For
future study, an in vivo assay is needed to determine how the body will respond to the
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extract, since in vivo studies investigate the actual effect on an organism, whether it be a
laboratory animal or a human. Clinical trials or medical studies may be performed either
in vivo or in vitro. These methods are comparable in that they are both carried out with
the intention of making breakthroughs in the study and treatment of illness and disease, in
addition to gaining an understanding of “health” and the normal biological functioning of
the human body. Therefore, it is important to note that both in vitro and in vivo studies
should be further conducted to establish what might result when the extract is used in
real applications.

4. Conclusions

According to our findings, the ethanolic extract obtained from Leptolyngbya sp. KC45
contained significant amounts of useful phytochemicals, which have functional qualities
and bioactive characteristics. The characterization of the phytochemicals and assessment of
their bioactivity potentials point towards the possibility of applications in the pharmaceuti-
cal, nutraceutical, and functional food sectors. Due to the extract’s antioxidant and enzyme
inhibitory capabilities, there is the possibility that it might be used in the future as an alter-
native to scavenging free radicals and as an enzyme-related disease inhibitor. The extract
also had a potentially detrimental impact on cancer cells through DNA fragmentation,
validating the innate apoptosis pathways. Our results suggest that the phytochemically
rich, multifunctionally active ethanolic extracts of Leptolyngbya sp. KC45 have significant
biotechnological potential.
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