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Abstract

Fucoxanthin (FX) has anticancer activity in many different human cell lines. However, this compound was sensitive to light,
temperature, poor solubility in water, and low bioavailability. One way to protect FX from rapid degradation was to
encapsulate it with PLGA. This study aimed to fabricate FX-loaded microspheres (FX-LMs) using PLGA and to analyze the
effects of free FX and FX-LM on the induction of apoptosis in H1299 cells. The results of this study, FX-LM were
successfully prepared. The particle size of FX-LM is about 9 um, and it dissolves completely in water. Free FX showed a high
cytotoxic effect on H1299 cells by giving an ICso value of 163.40 pg/mL. However, FX-LM showed a low cytotoxic effect on
H1299 cells. The concentration of FX-LM used to test the cytotoxic effect was 1482.50 pg/mL, and the ICsp value was not
detected. Then, observation of the morphology using a fluorescent microscope showed that H1299 cells treated with free FX
and FX-LM appeared irregularly shaped and exhibited several core features of apoptosis. After that, morphological
observation by scanning electron microscope showed that H1299 cells treated with free FX and FX-LM showed shrinkage of
cells, blebbing of the cell membranes, and formation of apoptosis bodies. Free FX and FX-LM induced caspase-3/7 activation
on H1299 cells. Their induced apoptosis was thought to be played by cell mitochondria. In conclusion, free FX was more
effective than FX-LM in cytotoxic effects and inducing apoptosis in H1299 cells. These two materials show their potential to
prevent lung cancer. © 2024 Friends Science Publishers
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Introduction

Fucoxanthin (FX) is a xanthophyll specific to brown algae,
Padina australis, Turbinaria turbinata, Sargassum
duplicatum, and Sargassum binderi (Jaswir et al. 2011,
2013, 2017; Noviendri et al. 2011) that is known to have
many biological activities (Chen et al. 2022). FX has
beneficial medicinal properties for human well-being
(Chong et al. 2023), including anticancer effects. FX shows
good potential for anticancer activity while providing many
notable biological activities (Manmuan and Manmuan
2019). This compound had the potential as an agent that
prevents cancer in human cell lines such as HL-60 cells
(Hosokawa et al. 1999), PC-3 cells (Kotake-Nara et al.
2005), HepG2 cells (Das et al. 2008), MCF-7 cells
(Rwigemera et al. 2015), SW-620 cells (Manmuan and
Manmuan 2019), and A2780 cells (Li et al. 2020).

Structurally, FX has a bond of allenic and a 5,6-
monoepoxide in its structure (Maeda et al. 2018;
Cordenonsi et al. 2020). This unique structure of FX gives it
exceptional biological activity, which is significant for
human health enhancement (Zhang et al. 2022). The
chemical structure of FX is shown in Fig. 1. As described
previously, many researchers have studied the activity of FX
in cancer treatment, and FX has anticancer activity in many
other cell lines of humans. However, this compound has
properties that are very sensitive to external environmental
influences such as light, temperature, oxygen, acidic pH
conditions (Hii et al. 2010), poor water solubility, and low
bioavailability (Jaiswal et al. 2022; Zhang et al. 2022).
Therefore, we need a treatment that can protect the
properties and characteristics of FX compounds so that their
ability to bioactivity is not decreased or damaged. One way
to protect FX compounds from rapid degradation is to
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encapsulate them with biodegradable polymers such as
PLGA. This polymer has been used to protect bioactive
compounds or potential drugs from damage due to external
influences. Encapsulation is a promising approach to
overcome these challenges by enclosing FX in a protective
layer, such as PLGA or microparticles. This way can
improve the stability of FX by protecting it from exposure
to pH, heat, gastric acids, and enzymes that can accelerate
its degradation (Fernandes and Mamatha 2023).

It is worth noting that lung cancer is the second most
prevalent type of cancer globally, with breast cancer being
the only more common type. This investigation was
conducted to explore the impact of FX and its microsphere
on lung cancer. The study produced FX-loaded
microspheres  (FX-LMs) by combining FX with
biodegradable PLGA using microencapsulation techniques
with a two-step double emulsion extraction/evaporation
method (Noviendri et al. 2016). The resulting FX-LMs and
free FX were then utilized to treat human lung cancer
H1299 cell lines.

As far as we know, no prior studies have been
performed on the impact of FX entrapped in PLGA on
H1299 cells. Then, the mechanisms and effects of free FX
(before  microencapsulation) and  FX-LM  (after
microencapsulation) inducing apoptosis in H1299 cells
remain unclear. Therefore, this study aimed to fabricate an
FX-loaded PLGA  microsphere  (FX-LM)  using
biodegradable PLGA and polyvinyl alcohol (PVA) and to
analyze the effect of free FX (before microencapsulation)
and FX-LM (after microencapsulation) in inducing
apoptosis in H1299 cells.

Materials and Methods
Materials

The analytical grade of chemicals used in this research, such
as phosphate buffer saline/PBS, dichloromethane/DCM
(Fisher Scientific, UK), FX 95% purity, and 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium bromide/
MTT (Sigma-Aldric), medium of Dulbecco's Modified
Eagle/DMEM, and fetal bovine serum/FBS (Gibco®
Invitrogen), PLGA (PDLG 5004 PURAC, Netherlands),
penicillin-streptomycin and trypsin-ethylene diamine tetra
acetate (Trypsin-EDTA) (Gibco ® Life Technology),
polyvinyl alcohol/PVA with molecular weight 115 kDa
(BDH lab. supplies, UK), kit of ApoDIRECT InSitu DNA
fragmentation assay (Biovision), and kit of Caspase-3/7
(Promega, Madison WI1).

Fabrication of FX-LM

FX-LM was fabricated using a specific method, namely a
two-step double emulsion extraction/evaporation method
based on Noviendri et al. (2016). The summary of this
method is shown in Fig. 2.

External morphology observation of samples

An SEM observed free FX, PLGA, and FX-LM based on
Ismail et al. (2012). The free FX, PLGA, and FX-LM
photos were captured with a (JEOL, JSM 6700F Model).

Observation of solubility of FX before and after
microencapsulation in water

To observe the solubility of free FX, PLGA and FX-LM.
Each sample was 2.5 mg and soaked in 2 mL of distilled
water in a glass tube. The sample mixture in a glass tube
was shaken vigorously for 1 min and then left for 5 min.
After 5 min, the solubility of each mixture was observed in
the glass tube.

Culture of H1299 cells

DMEM with 10% FBS inactivation and 1% penicillin-
streptomycin (Pen-Strep), temperature of 37°C, and 5%
CO; atmosphere for H1299 cell culture were used. This
cell line was courtesy of Associate Professor Dr.
Solachuddin JA Ichwan from the Kuantan Faculty of
Dentistry-11UM, Malaysia.

MTT Assay

The MTT assay is based on Jaswir et al. (2011) and was
used to determine the cytotoxicity of free FX (before
microencapsulation), FX-LM (after microencapsulation),
and DOX (as a positive control) against H1299 cells. H1299
cells (1x10° cells/well) were seeded in a 96-well tissue
culture plate and incubated for 24 h. After incubation for 24
h, H1299 cells were treated with free FX, FX-LM, and
DOX in the same concentration range (1482.50, 741.25,
370.60, 185.30, 92.60, 46.30, 23.15 and 11.60 pg/mL). The
next step followed the method of Mosmann (1983). H1299
cell viability was expressed as a percentage of cell viability
compared to the control. The H1299 cell viability
percentage was calculated based on Averineni et al. (2012).
This experiment was repeated three times:

0D of treated cells (mean)

Cell viability (%) = 100%

0D of control cells (mean)

Finally, the ICso value is calculated, or the
concentration value required to inhibit 50% cell viability by
the test samples.

Observation of DNA fragmentation with a fluorescence-
inverted microscope

A commercial kit ApoDIRECT InSitu DNA fragmentation
assay (BioVision) was used to observe the morphological
changes of cellular apoptosis in terms of DNA
fragmentation. Briefly, H1299 cells in 12-well plates
(2x10° cells/well) were induced with samples such as
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free FX (ICsp = 163.40 pg/mL), FX-LM (1482.50
pg/mL, 1Cso not detected), and DOX (ICso = 38.25
pug/mL) for 48 h. All the steps in this study followed the
manufacturer's instructions. Next, cell observations (live
and apoptotic) were visualized using a fluorescence
microscope with a FITC filter.

Observation of morphology with a SEM

H1299 cells (5x105 cells/well) were seeded onto sterile
glass coverslips and placed into 6-well plates overnight until
they adhered. The cells were treated with samples such as
free FX (ICso = 163.40 pg/mL), FX-LM (1482.50 pg/mL,
ICso not detected), and DOX (ICso = 38.25 pg/mL). After
treatment, the cells were washed with PBS and fixed with
2.5% glutaraldehyde for 3 h. Then, the cells were washed
with PBS and post-fixed with 1% osmium tetroxide in
cacodylate buffer for 1 hour. The cells were dehydrated with
varying percentages of ethanol for 15 mins each, starting
with 35% and ending with 100% hexamethyldisilazane. The
cells were stored in a desiccator overnight. The cells were
then prepared on coverslips coated with gold in Baltec-CED
030, and the morphology of the cells after being treated with
free FX, DOX, and FX-LM were analyzed with an SEM
(Carl Zeiss Evo® 50, Germany).

Caspase-3/7 activities

The caspase-Glo® 3/7 kit was used to measure caspase-3
and -7 activity based on the protocol recommended by the
manufacturer. H1299 cells (1x10° cells/well) were seeded in
a 96-well flat-bottom plate and incubated for 6 h. After 6 h,
H1299 cells were treated with free FX (ICsp = 163.40
pg/mL), FX-LM (1482.50 pg/mL, ICs not detected), and
DOX (ICso = 38.25 pg/mL) were incubated for 48 h. After
48 h, each well added a 10ul of kit of Caspase-Glo 3/7 and
incubated for 1 h. In this study, the H1299 cell was treated
with dH,0 as a solvent control for DOX and FX-LM. Then,
H1299 was treated with ethanol as a solvent control for FX.
Luminescence was measured using a luminometer
(Luminoskan, Thermo-Scientific). Measurements of mean
Relative Light Units (RLU) according to the following
equation (Ang et al. 2023):

Relative Light Unit (RLU) = Luminescence (sample) —
Luminescence (iank)

According to the following equation the fold change
(FC) against the control of negative was calculated:

FC = [(RLU samples or RLU control of
positive)/(RLU control of negative)]

Analysis of Statistic

The data of quantitative are expressed as mean + deviation
of standard. Furthermore, Tukey's post hoc analysis of
variance (ANOVA) (SPSS Version-20) was used. The result
is considered significant if p < 0.05.

Results

Surface morphology of free FX (core), PLGA, (coating),
and FX-LM (microsphere)

The FX-loaded PLGA microspheres (FX-LMs) were
successfully created using the method described by
Noviendri et al. (2016). The procedure involved using PVA
as a dispersant and was found to be suitable for preparing
FX-LM. An SEM was used to observe the external
morphology of free FX, PLGA, and FX-LM. The results of
the observations with an SEM are shown in Fig. 3, which
depicts the external morphology of free FX (Fig. 3a and
3A), PLGA (Fig. 3b and 3B), and FX-LM (Fig. 3c and 3C).

Solubility of FX-LM in the water

During an experimental study, we examined the solubility
of three different substances in distilled water. The
substances were free FX (A), FX-LM (B), and PLGA (C).
Our findings are presented in Fig. 4. We observed that free
FX particles (indicated by green arrows) remained
suspended in the water (Fig. 4A). FX-LM (Fig. 4B), on the
other hand, dissolved completely. However, lumps of
PLGA settled at the bottom of the glass tube, as shown by
the blue arrow in Fig. 4C.

Cytotoxicity effect of free FX (before microencapsulation)
and FX-LM (after microencapsulation)

The cytotoxic effects of FX, FX-LM, and DOX (as positive
control) were evaluated by MTT assay. This assay produced
a curve of cell viability percentage which is plotted against
sample concentrations (Fig. 5). In Fig. 5, it can be seen that
FX, FX-LM, and DOX exhibited inhibitory effects on
H1299 cell proliferation in a concentration-dependent
manner. After that, the 1Cs values of each sample can be
determined, except 1Csp from FX-LM. Free FX and DOX
showed a high cytotoxic effect on H1299 cells by giving
ICso values of 163.40 and 38.25 pg/mL, respectively.
However, the FX-LM showed a low cytotoxic effect on
H1299 cells. In this study, the maximum concentration of
FX-LM used to assay the cytotoxic effect was 1482.50
pg/mL, and the 1Cs value was undetectable. Furthermore,
FX-LM had a much lower cytotoxic effect against H1299
cells when compared with free FX at equivalent
concentrations. For example, at an equivalent concentration
of free FX (200 pg/mL), cell viability was around 40% for
H1299 cells, whereas at a concentration of FX-LM (200
pg/mL), cell viability was around 85%.

Nuclei morphological observation of H1299 cells by
fluorescent microscope

The ApoDIRECT InSitu DNA fragmentation kit was used to
observe changes in the nuclear morphology of H1299 cells
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Fig. 2: Technique of microencapsulation with a two-step double emulsion extraction/evaporation method (Noviendri et al. 2016)

Fig. 3: The image of SEM of FX (a & A), PLGA (b & B), and FX-LM (c & C) with magnification 1500X (small letters: a-c) and 7000X
(capital letters: A-C)

Fig. 4: The solubility of free FX (A), FX-LM (B), and PLGA (C) in the distilled water. Descriptions: the particle of free FX (green arrow)
remained suspended in the water, FX-LM dissolved completely in the water, and the lumps of PLGA settled at the bottom of the glass
tube (blue arrow)

after being treated with free FX, FX-LM, and DOX. H1299 staining over orange-red propidium iodide (PI) staining
cells were treated with vehicle (control cells), and the results indicating healthy nuclear cells (Fig. 6A). However, H1299
showed regular cell shape, round cells, and slightly red cells were treated with free FX (Fig. 6B), DOX (Fig. 6C),
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Fig. 5: The concentration-dependent manner of free FX, FX-LM,
and DOX on H1299 cells for 48 h

Fig. 6: The images of nuclei morphology by fluorescence
microscope of H1299 cells. Untreated cell (control of cell) (A),
cell treated with free FX (1Cso = 163.40 pg/mL) (B), DOX (ICso =
38.25 pg/mL) (C), and FX-LM (148250 pg/mL; ICso not
detected) (D). Descriptions: The healthy cells are shown in red
(green arrow). The cells of apoptotic are shown in greenish-
yellow green (yellow arrow)

and FX-LM (Fig. 6D), and the results showed irregular
shapes, non-round cells, and slightly greenish yellow.

Apoptotic features change observation by SEM

Fig. 7A shows the SEM of a vehicle-treated H1299 cell.
The result showed a regular shape of the H1299 cell and a
normal membranous cell with a smooth cell surface. Then,
H1299 cells treated with free FX (ICso = 163.40 png/mL)
(Fig. 7B), DOX (ICsp = 38.25 pg/mL) (Fig. 7C), and FX-
LM (1482.50 pg/mL; ICso not detected) (Fig. 7D) showed

Fig. 7: The image of SEM of H1299 cells. Untreated cell (control
of cell) (A), cell treated with free FX (ICso = 163.40 pg/mL) (B),
DOX (ICsp = 38.25 pg/mL) (C), and FX-LM (1482.50 pg/mL;
1Cso not detected) (D). Descriptions: The healthy cells are shown a
normal membrane of cells with a smooth surface of the cell
(yellow arrow). The cells of apoptotic are shown the features of
apoptotic cells such as shrinkage of the cell, blebbing of the cell
membrane (blue arrow), and apoptotic body formation (red arrows)
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Fig. 8: Caspase-3/7 activities on H1299 cell after treated with free
FX (1Cs0 = 163.40 pg/mL), DOX ((I1Cso = 38.25 pg/mL), and FX-
LM (1482.50 pg/mL; ICso not detected)). Description: dH20: a
control of solvent for DOX and FX-LM; ethanol: a control of
solvent for free FX

an irregular shape, cell shrinkage, cell volume decrease, and
plasma membrane changes (an abnormal membrane)
followed by intense membrane blebbing. The results of this
study showed that after 48 h of exposure to free FX, FX-
LM, and DOX, H1299 cells exhibited apoptotic
morphological features, such as shrinkage of cells, the
blebbing of the cell membrane, and the formation of the
apoptotic body (Fig. 7B-D).

Furthermore, FX-LM with a concentration of 1482.50
pg/mL, the maximum concentration used in this study,
showed a lower apoptosis-inducing effect against the H1299
cell line (Fig. 7D) compared to the effect of free FX (ICso =
163.40 ug/mL) (Fig. 7B). However, H1299 cells treated with
DOX (ICsp = 38.25 pg/mL) as positive control showed a
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higher apoptosis-inducing effect than compared to the effect
of free FX and its microsphere on H1299 cells (Fig. 7C).

Caspase-3/7 activities

To investigate the caspase-3/7 activity in the H1299 cell
after being treated with free FX, FX-LM, and DOX, the
caspase-Glo®3/7 was used. This kit provides the pro-
luminescent substrate caspase-3/7 containing the active
moiety of the tetrapeptide sequence DEVD for caspase-3
and -7. The H1299 cell treated with FX (ICsp = 163.40
pg/mL), FX-LM (1482.50 pg/mL, ICs not detected), and
DOX (ICso = 38.25 pg/mL) led to significantly higher (p <
0.05) luminescence signal than the vehicle control (dH20: a
control for DOX and FX-LM; and ethanol: a control for free
FX). The values of relative light units (RLU) of free FX,
FX-LM, and DOX were 2384.95, 1149.40, and 3095.73
RLU, respectively. Then, the fold change (FC) values of
free FX, FX-LM, and DOX were 7.60, 2.20, and 9.30 folds,
respectively (Fig. 8).

Discussion

In Fig. 3a and 3A, it can be seen that the external
morphology of free FX was in the form of a crystalline
solid, while Fig. 3b and 3B show that the external
morphology of PLGA was in the form of an amorphous
solid. This was following the statement from Yamaguchi et
al. (2002) reported that in Nature, PLGA was in the form of
an amorphous solid. Furthermore, the FX-LMs (Fig. 3c and
3C) with a round, discrete external morphology with a
smooth surface, no pores on the surface, no aggregation
between microspheres, and a particle size of around 9 pm.
This particle size was in line with the results obtained by
Jaswir et al. (2019), in which the size of the PLGA
microsphere containing FX was around 9 pm.

Due to its chemical structure, free FX has limited
solubility in water due to its hydroxyl and methyl groups.
These features make it less polar and more non-polar,
hindering its ability to dissolve in water. According to Chen
et al. (2022), FX crystals had low water solubility and thus
remained insoluble in water. Then, Guler et al. (2020) found
that free FX did not dissolve in water. However, Shannon
and Abu-Ghanna (2018) reported that free FX contains six
oxygen atoms in its hydroxyl and epoxy groups. This
substance can partially dissolve in polar solvents such as
water. Water has unique chemical properties that distinguish
it from other substances. The semi-polar characteristic of
free FX allows it to dissolve in a mid-polar solvent and
easily dissolve in acetone and dimethyl sulfoxide (10
mg/mL). On the other hand, PLGA does not dissolve in
water due to its chemical structure, which contains lumps of
methyl groups from monomers of lactic acid. These lumps
cause the PLGA to settle at the bottom of a glass tube.
Wang (2012) also reported that PLGA could be dissolved in
solvents such as acetone, tetrahydrofuran, chloroform, ethyl

acetate, and dichloromethane. In contrast, FX-LM can be
easily dissolved in water due to its chemical composition,
which contains hydroxyl groups from polyvinyl alcohol
(PVA) (Keegan 2004). PVA acts as a dispersant or
emulsifier, which helps to fabricate FX-LM in this study.
PVA also acts as a stabilizer to prevent FX-LM from
aggregating and settling at the bottom of the solution,
preventing the particles from clumping together. These
results indicate successful encapsulation of FX, leading to
improved solubility and increased bioavailability. Kumagai
et al. (2018) found that combining FX with gum arabic and
y-cyclodextrin as an emulsifier in water improved the
bioavailability of FX. Then, nanoparticles containing FX
composed of a combination of chitosan and casein enhanced
the effectiveness of FX (Koo et al. 2016), and nanoparticles
of PLGA-block-polyethylene glycol loaded FX (PLGA-
PEG-FX) (Yang et al. 2021) by making it more bioavailable
and water-soluble. Furthermore, Sun et al. (2018) reported
that FX microcapsules prepared from biopolymers are
effective materials. This result is consistent with our results
in this study.

In this study, the cytotoxicity effect of free FX, FX-
LM, and DOX (as a positive control) against H1299 cells was
investigated via MTT assay. This assay was a general method
for evaluating the effect of various substances in a cell culture.
This assay was used to measure the viability of the cell which
is based on the reduction of tetrazolium cleavage into crystals
of formazan by an enzyme of mitochondrial dehydrogenase.
The MTT assay relies on mitochondrial metabolic activity
(Prabst et al. 2017). MTT enters the cell into the mitochondria,
and then the dehydrogenase enzyme from the mitochondria
cleaves the tetrazolium into crystals of formazan. The
number of formazan crystals produced was proportional to
the living cells number.

Two factors influence the intake of FX-LM on H1299
cells in this study. First is the size of the FX-LM
microparticles. Second is the incubation period used to
introduce them intact into the cell. The size of the FX-LM was
measured to be approximately 9 um (Fig. 3). This size is
considered relatively large enough to infiltrate H1299 cells and
make it difficult for them to cross the cell membrane directly.
Besides that, 48 h was not enough time for FX release from
FX-LM and located intake into the cells. This is due to the
continuous release of free FX properties from FX-LM needing
much time (more than two days) (data not shown) to be intact
in the cells. In other words, it was difficult to penetrate the
membrane of H1299 cells directly with FX-LM larger than
lum. This finding is consistent with the research results of
Naha et al. (2008, 2012), who stated that particles larger than
1um may have difficulty passing through cell membranes.

In addition, Mekki et al. (2002) have reported that the
droplet size of an emulsion significantly influences various
factors in cellular lipid uptake. This also applies to the
uptake of free FX dependent on lipids (Borel et al. 1996).
Then, Ravi et al. (2018) also reported that combining
glycolipids with  nanocarriers in  chitosan-glycolipid
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polymers could increase the cellular uptake and anticancer
effect of FX on human colon Caco-2 cells.

To observe the apoptosis induction effect of free FX and
DOX in this study, each 1Cs; value was used. The free FX and
DOX ICsp values were 163.40 and 38.25 pg/mL, respectively.
However, the ICsp value of FX-LM could not be used in this
study because its ICsp value was not detected (Fig. 5).
Therefore, to observe the apoptosis induction effect of FX-
LM, the maximum concentration (1482.50 pg/mL, ICs not
detected) used in the MTT assay has been used as a surrogate.

Then, in observations using a fluorescent microscope
(Fig. 6) and SEM (Fig. 7), it was seen that free FX and
DOX showed a high apoptosis induction effect on H1299
cells (Fig. 6B, 6C; and Fig. 7B, 7C). However, FX-LM
showed low apoptosis-induced effects on H1299 cells, and
the apoptotic cells number was reduced, as shown in Fig.
6D and Fig. 7D. Later, according to the study conducted by
Manmuan and Manmuan (2019), it was found that free FX
treatment could cause DNA fragmentation. DNA
fragmentation is a hallmark of programmed cell death
(Jaleel and Velraj 2022) and a hallmark of apoptosis
(Sreejesh and Abraham 2023). This apoptosis process is
initially ~ characterized by a series of stereotypic
morphological changes (Cohen 1997), such as shrinkage of
cells, chromatin fragmentation (Cruchten and Broeck 2002),
volume reduction cells (Arends and Wyllie 1991), blebbing
of the membrane, and formation of the apoptotic body
(Abdelwahab et al. 2011). Andraded et al. (2010) also
reported that the characteristics of apoptosis begin with cell
membrane shrinkage and followed by ending with the
formation of apoptotic bodies. Furthermore, Takano et al.
(1991) have also reported that membrane blebbing is a good
marker of apoptosis, and membrane blebbing was
associated with the formation of the apoptotic ladder.

The changes in apoptotic cell morphology could be
observed with microscopes (Barisi¢ et al. 2003), such as
inverted light microscopes, fluorescent microscopes, and
SEM. However, changes in the morphology of apoptotic
cells are best seen using SEM (Cruchten and Broeck 2002).
In this study, to observe the features of H1299 cell apoptosis
induced by free FX, FX-LM, and DOX, a fluorescent
microscope (Fig. 6) and an SEM (Carl Zeis Evo® 50,
Germany) (Fig. 7) were used.

The caspase-3/7 kit was used to measure the caspase-
3/7 activity of free FX (ICsp = 163.40 pg/mL), DOX (ICso =
38.25 pg/mL), and FX-LM (1,482.50 pg/mL, ICsp not
detected) treated on H1299 cells. Fig. 8 showed that the free
FX, FX-LM, and DOX induced the caspase-3/7 activation
on H1299 cells. Yadav et al. (2021) reported that one of the
molecular processes demonstrated by apoptotic agents is the
activation of caspase-3 or -7.

Then, caspase-3 was the main executioner of apoptosis
(Shukla and Nadumane 2021), associated with
morphological changes (Hu et al. 2021) and associated with
apoptosis (Janicke et al. 1998). Furthermore, Walsh et al.
(2008) and Ang et al. (2023) reported that caspase-3/7 were

downstream effectors of apoptosis that execute cell
death. Measurement of caspase-3/7 effector activity is
commonly used as a biomarker to assess apoptosis. Kim
et al. (2010) reported that free FX was crucial in
activating the caspase-3 and -7 cleavage process.
Finally, from this research, it can be seen from the data
of the fluorescent microscope, SEM, and caspase-3/7
activity that free FX, FX-LM, and DOX can induce
apoptosis on H1299 cells, which were thought to be played
by the cells' mitochondria. This assumption was supported
by the data from the MTT assay that has been obtained. This
assay is known to be used to measure cell viability, which is
based on the reduction of tetrazolium cleavage into
formazan crystals by the mitochondrial dehydrogenase
enzyme. So, the free FX, DOX, and FX-LM may have
induced apoptosis via an intrinsic pathway based on the
mitochondria pathway in cells. Gamen et al. (2000) reported
that the DOX compound was an inducer of apoptosis and
was categorized as a mitochondrial pathway in cells.

Conclusion

It can be seen from the fluorescent microscope, SEM, and
caspase-3/7 activity data that free FX, FX-LM, and DOX
can induce apoptosis in H1299 cells. Their induced
apoptosis was thought to be played by cell mitochondria.
This assumption is supported by the MTT test data that has
been obtained. Furthermore, free FX was more effective
than FX-LM in cytotoxic effects and inducing apoptosis in
H1299 cells. These two materials show their potential to
prevent lung cancer.
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