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Annona muricata and Caesalpinia sappan are among the most important traditional medicinal
plants, which contain numerous chemicals with various pharmacological properties. Although
extracts from both plants have demonstrated anticancer activity, there has been no report on the
anticancer effect of the combination of A. muricata and C. sappan nanoparticles particularly on
cervical cancer (HelLa) cells. This study aimed to determine the optimum combination dose of
both nanoparticles that showed a synergistic effect to induce apoptosis in HelLa cells. The
nanoparticles were prepared using A. muricata leaves and C. sappan heartwood using the glass
ionic method. Immunostaining was performed to evaluate the expression of pro-apoptotic
marker BAD (BCL2 associated agonist of cell death) protein. Cytotoxicity effect was tested
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. The
Copyright: © 2021 Astirin et al. This is an open- size of t_he nanoparticles ranged between_237-453 nm and showed polydispe_rsity _inde>_< of 0.354
access article distributed under the terms of the (A muricata) and 0.486 (C. sappan), which means that the level of nanoparticle size distribution
Creative Commons Attribution License, which 1S quite uniform. BAD acts as an essential mediator of intrinsic apoptosis, as shown by enhanced
permits  unrestricted  use,  distribution, and  €Xpression of BAD in the group of cells treated with the nanoparticles. The employment of two
reproduction in any medium, provided the original ~ Nnanoparticles dose combinations showed a synergistic cytotoxic effect (Combination Index<1)
author and source are credited. when each nanoparticle concentration was given at % ICso (C. sappan) and ¥4 1Csq (A. muricata),
resulting in 52.51% of cell viability. The synergistic effect exhibited by A. muricata and C.
sappan nanoparticles suggests a possible different target or signaling pathway that results in a
reduction of required nanoparticles concentrations for individual sample.
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Introduction

Cervical cancer is a primary cancer caused by infection of
the high-risk (oncogenic) type of Human Papillomavirus (HPV) into
the cells that coat the cervix surface. HPV types 16 and 18 with
oncogenes E6 and E7 induce severe dysplasia, which can develop into
cervical intraepithelial neoplasia.’ The clinical uses of anticancer drugs
is usually accompanied by several unwanted effects,?* therefore, the
search for new anticancer agents with better efficacy, selective
toxicity, and fewer side effects against cervical cancer cells is a
continuous effort. Plant-derived phytochemicals have served us well
in combating many types of cancer. Studies conducted in vitro using
extracts from two medicinal plants, Anonna muricata and Caesalpinia
sappan, show that both were potential anticancer agents.*®
Crude aqueous extract and chloroform-ethyl acetate fraction
of Annona muricata L. leaves inhibited proliferation of MCF-7
(breast) and HeLa (cervix) cancer cells, suggesting the presence of
anticancer compounds in these extracts.”®
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The compounds are produced from secondary metabolic processes
consisting of alkaloids, flavonoids, triterpenoids/steroids, and
acetogenins belonging to the polyketide group. However, acetogenins
are the major class of compounds studied from the perspective of
anticancer activity. Acetogenins halted the cell at the G2/M phase,
induced mitochondrial damage and apoptosis, and promoted nuclear
translocation of apoptosis-inducing factors.**°

Caesalpinia sappan L. heartwood also induces endometrial cell death
by regulating phosphorylation of pyruvate dehydrogenase.' In HelLa
cells, methanol extract of C. sappan at I1Cso value of 26.5+3.2 g/mL
induces apoptosis as indicated by DNA fragmentation and activation
of the caspase-3 enzyme.? C. sappan heartwood also induces
apoptosis in other types of cancer cells, e.g., T24 human bladder
cancer cells'® and K562 leukemia cells."* The major biologically
active compound from C. sappan heartwood is brazilin, which readily
transformed into brazilein upon oxidation.'® Tao et al. *® showed that
brazilein isolated from C. sappan increased the sensitivity of
doxorubicin-resistant leukemia cells K562 and K562/A02 during
chemotherapy.

The family of Bcl-2 proteins, i.e., BAD (Bcl-2 Associated Death
Promoter), is one of the primary regulators of the mitochondria-
mediated pathway to apoptosis.*"*® Impaired apoptosis eventually
leads to expansion of cancerous cells and altered expression of
molecular determinants of apoptosis, such as BAD that has a
detrimental outcome. Yu et al. * reported that downregulation of
BAD shows a worse outcome in patients with small lung carcinoma,
thus, BAD can serve as a marker and target molecule for cancer
therapy. In the event of apoptosis, BAD will suppress the expression
of Bcl-2, changing the mitochondrial membrane integrity and
triggering the activation of the caspase cascade. The active caspase
cascade will trigger the activity in DNA-se, which then enters the
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nucleus and damages cell DNA, resulting in programmed cell death
known as the mechanism of apoptosis.®?® The design of
nanotechnology-based anticancer agents can target specific and
promote intracellular uptake of HelLa cells.”? Chitosan, a natural
biopolymer, is often used to formulate nanoparticles because it has
good biocompatibility that can increase membrane permeability.?**
Fractions of A, muricataand C. sappan formulated with
nanotechnology can monitor disease progression using carbon
nanotubes, nanotechnology-based sensors, and also serve as drug
delivery systems.”® Nevertheless, reports on the development of
nanoparticles from these medicinal plants are still limited. In the
present study, nanoparticles from the active fractions of A.
muricata and C. sappan were developed, and both were subjected to
cytotoxicity assay in HelLa cells to examine their synergistic effect.
BAD acts as an essential mediator of intrinsic apoptosis. Dose
combination of both nanoparticles accelerated apoptosis in the HeLa
cells, suggesting a possible different target or signaling pathway that
results in a reduction of required nanoparticles concentrations for each
sample.

Materials and Methods

Plant materials, collection, and identification

The plant specimens were obtained from the Research and
Development Center for Medicinal Plants and Traditional
Medicines of the Health Research and Development Agency in
Central Java, Indonesia between July to September 2018. The
plant’s specimens were authenticated by Mr. Suratman Suratman (a
taxonomist), Department of Biology, Sebelas Maret University. A
voucher specimen of these plants has been deposited in the
Herbarium Soloense, Department of Biology, Sebelas Maret
University with Reference no: 077 /UN27.9.6.4/Lab/2021 for future
reference.

Fractionation of A. muricata and C. sappan L.

Previous study® showed that chloroform was the most effective
solvent to isolate the fraction of A. muricata with the highest
cytotoxicity. Thus, in this study, A. muricata leaves were fractionated
using chloroform. The C. sappan heartwood samples were extracted
using ethanol according to a method by Kim." Next, the column
chromatography method was used to fractionate the C. sappan
heartwood extract based on the method described elsewhere.?

Thin-layer chromatography

Thin-layer chromatography (TLC) analysis was performed using TLC
plate (F254 Silica gel 60). The mobile phase of A. muricata fraction
was n-hexane: ethyl acetate = 8:2 v/v and C. sappan fraction was
chloroform: methanol = 5:1 v/v. The Retention Factor (RF) values
were calculated from separated compounds on the TLC plate.
Chamber with iodine crystals was prepared to keep the TLC plates for
a few seconds. lodine reacted with the mobile phase and metabolites,
making it visible under the UV light after a few seconds.?

Synthesis of nanoparticles

An ultrasonicator was used to formulate nanoparticles of A. muricata
and C. sappan using the glass ionic method between chitosan and
NaTPP (sodium tripolyphosphate).?” A preliminary study conducted
by our group showed the optimum nanoparticle formula of 12.5 mg A.
muricata leaf fraction dissolved in 125 pL of Dimethyl Sulfoxide
(DMSO) and 12.5 mg C. sappan heartwood fraction dissolved in 200
pL of distilled water. Each fraction solution was added with 0.2%
chitosan and homogenized by a vortex. These mixtures were then
mixed with 0.1% NaTPP solution drip while stirred at 400 rpm (25°C)
until all the NaTPP solution dissolved.”” The Design-Expert software
%8 was used to optimize the nanoparticle composition.

Determination of particle size, measurement of transmittance, and
zeta potential

The nanoparticle size of A. muricata leaf and C. sappan heartwood,
also zeta potential were determined by dispersing the particles with
distilled water (1:1 v/v) at 25°C and measured using Nanopartica SZ-
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100 (Horiba). The PSA (dynamic light scattering method) was used to
test the particle size and zeta potential. The particle size distribution
was inspected with DLS analyzer with an outcome of Polydispersion
Index (PI). PI value lesser than one represents a good polydispersion.
A UV-Vis spectrophotometer with a wavelength of 650 nm was used
to measure the nanoparticle’s transmittance.?’

Cell culture and cytotoxicity assay

HelLa cells used in this study were obtained from the Integrated
Research and Testing Laboratory, Gadjah Mada University. The cells
were routinely cultured using RPMI 1640 (Gibco) medium
supplemented with 10% FBS in an incubator with 5% CO; and 37°C.
The MTT assay or colourimetric cell viability with 3-[4,5-
dimethylthiazol-2-yl] - 2,5 diphenyl tetrazolium bromide was used to
test the cell’s cytotoxicity.” In this method, nanoparticles were diluted
using RPMI medium at various concentrations; 285.5, 142.75, 71.37,
57.1 pg/mL for A. muricata and 44, 22, 11, 8.8 pg/mL for C. sappan
heartwood. The MTT reagent (0.5 mg/mL Phospate Buffered Saline)
was diluted in RPMI culture medium. The medium was supplemented
with 1% (w/w) penicillin-streptomycin (Gibco, Invitrogen USA) and
10% Fetal Bovine Serum (FBS Qualified, Gibco, Invitrogen USA).
HeLa cells were incubated at 37°C and 5% CO,. Colourimetric assay
ELISA was used to measure absorbancy with a wavelength of 595 nm.
Each experiment was performed in triplicates.

Combination Indices
The combination index (CI) between the nanoparticles from A.
muricata and C. sappan heartwood was calculated using the equation:

“ same mode of action “
_ (D)1 + (D)2
T (Dx)1 ' (Dx)2

“different mode of action “

_ M1 M2  (D1(D)2

K =001 T oz T o102

where:

(D)1: concentration of soursop leaf fraction combination treatment
(Dx)1: single treatment concentration of soursop fraction with D1
response

(D)2: concentration of sappan wood fraction combination treatment
(Dx)2: single treatment concentration of the sappan wood fraction
with the D2 response

Microsoft Excel was used to calculate the Cl values using linear
regression of the combined log test concentration.?® The interpretation
of Cl value was based on Reynolds & Maurer ¥ (see Supplementary
Table S1).

Immunostaining

The immunostaining procedure was slightly modified from earlier
study.® Briefly, HeLa cells grown on the coverslip were treated for 24
hours with nanoparticles at ICso concentrations; 285.5 pg/mL (A.
muricata), 44 pg/mL (C. sappan), or combination of both
nanoparticles at ICso. The cells were then fixed using chilled methanol
for 10 mins, washed with Phospate Buffered Saline (PBS) three times,
and 3% H,0, was used for quenching endogenous peroxidase activity.
Cells were then incubated in blocking serum (bovine serum albumin)
for 15 mins followed by washing with PBS. Mouse polyclonal anti-
Bad antibody (cat#610392, BD Biosciences; diluted 1:100) was added
as the primary antibody (1 h; RT). For secondary antibody,
biotinylated goat anti-rabbit 1gG (cat# BA-1000-1.5, Vector Lab;
diluted 1:500) was added (15 mins, RT) after PBS flushing. Cells were
then added with streptavidin (10 mins, RT), washed with PBS, then
incubated with DAB buffer until the colour turned brownish. Cell
nuclei were counterstained with Mayer’s Hematoxylin for 5 mins and
rinsed with distilled water. PBS was used to replace Bad polyclonal
antibodies in the control group. Microscopy (Nikon) was performed
using an objective lens at 40xmagnification. The cells that appeared
brownish on their cytoplasm indicated successful binding of BAD
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antibody with its antigen. Meanwhile, negatively stained cells showed
purplish clear cytoplasm. The number of cells expressing BAD was
scored based on their coverage in each field of view using the below
formula. The mean of the percentage of area stained with BAD was
calculated from five fields of view per slide. A total of thirty fields of
view for each treatment group was observed.

. positively stained cells
BAD expression = X 100%
total cells

Statistical analysis

The results were analyzed using SPSS 23 software (IBM), Mean + SD
were calculated. Significance of differences was evaluated using
Student’s t-test. The differences between treatment groups and control
were considered significant at p < 0.05.

Results and Discussion

Thin-Layer Chromatography Profile of Extract and Fraction of A.
muricata Leaf and C. sappan Heartwood

The yield of extract and fraction from A. muricata leaf and C.
sappan heartwood can be found as Supp. Table S2. The A.
muricata leaf extraction using the percolation method with chloroform
solvent and evaporated, resulted in a 5.9% sample yield of a thick and
dark green extract. The extract was fractionated using Vacuum Liquid
Chromatography (VLC) method with chloroform as a solvent. This
process yielded 5.51% of fractions. Meanwhile, C. sappan heartwood
extracted using the maceration method with methanol solvent resulted
in a 5.69% sample yield of a thick, sticky, and reddish-brown extract.
The fractionated C. sappan heartwood extract was then evaporated
and produced 0.08% of a crusty and reddish-brown fraction. This
colour might be originated from brazilin, which produces a tylpical
reddish-brown colour when oxidized into water-soluble brazilein."
The fractionated extracts from both plants were subjected to TLC
analysis and the profile results were grouped based on similarities in
their hRf wvalue (Table 1). Fractionation separates individual
phytochemical groups.* The TLC plate of C. sappan heartwood
appeared blue under UV366 nm light, indicating brazilin
compounds.®® Indeed, a previous study * showed that the Rf value of
0.67 suggests a phenolic compound such as brazilin. Meanwhile, the
TLC plate of A. muricata leaf appeared red under UV366 nm,
suggesting a possible polyketide derivative compound of the
acetogenin group. Another study * showed that acetogenins are
abundant in A muricata with an Rf value of 0.79+0.05. Brazilin and
acetogenin are active compounds known to elicit cytotoxic effects
against cancerous cell ling. %%

Synthesis of nanoparticles from fraction of A. muricata leaf and C.
sappan Heartwood

Studies involving nanoparticles have gained wide interest among
researchers because the drug development on a nanoscale provides
increased solubilization and absorption.*” Nanoparticle formulation
using chitosan as a polymer is expected to improve drug delivery
ability. The addition of sodium tripolyphosphate (NaTPP) as a
surfactant or cross-linker enhances stability and reduces the size of
nanoparticles.

To determine the optimum formula, it is necessary to conduct a
preliminary test to obtain the best ratio between chitosan and NaTPP.
In this study, mixtures of chitosan and NaTPP were prepared in
different ratio (3:1, 5:1, 6:1, 10:1, 11:1, 12:1, 13:1, 15:1, 17:1, 19:1
and 21:1) and their corresponding transmittance value were measured
using spectrophotometry (Supp. Table S3).

The highest transmittance value (94.027%) was obtained at a ratio of
15:1 (Chitosan 93.74% and NaTPP 14.29%) and the lowest value at a
ratio of 3:1 (Chitosan 85.71% and NaTPP 6.26%). The highest and
lowest values were analyzed using the Design-Expert software, and
the recommended 13 candidates of the formula are shown in
Supplementary Table S4-S5.

Previous studies showed the effective in vivo dosage of A.
muricata extract and C. sappan heartwood extract was 100 mg/kg BW
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% and 25 mg/kg BW *, respectively. In this study, the dose of fraction
added to the nanoparticle system was half of the effective dose in vivo.
The fraction concentration of A. muricata and C. sappan nanoparticles
used was 12.5 mg since A. muricata can only be dissolved in water at
this concentration. From the 13 candidates of nanoparticle
formulas, A. muricata nanoparticles were made using the formula of
Chitosan + NaTPP + 125 mgA. muricata fraction + DMSO,
whereas C. sappan heartwood nanoparticles were prepared using the
formula Chitosan + NaTPP + 12.5 mg C. sappan fraction + aquadest.
Tables 2 show the transmittance, particle size, and zeta potential
values measured from nanoparticles of A. muricata leaf.

The Design-Expert software recommended the optimum formula to
create nanoparticles of A. muricata leaf fraction with a desirable value
of 0.639 with Fox = Chitosan 85.710% + NaTPP 14.290%. The
software predicted that transmittance, particle size, and zeta potential
values fall in the order, i.e., 87.2162% (transmittance), 317.415 nm
(size), and 72.684 mV (zeta potential value). The actual readings for
the above parameters were better than predicted, whereby the average
transmittance readings were higher, and the average particle sizes and
zeta potential value were lower (Table 2).

The optimum formula to create nanoparticles of C. sappan heartwood
fraction with the desired value of 0,910 was Foy = Chitosan 90.606%
+ NaTPP 9.394%. With this desired value, it is possible that the
fraction of C. sappan heartwood nanoparticles is very stable and will
affect the uniformity of particle size distribution. The software
predicted that transmittance, particle size, and zeta potential values
ranged in order, i.e., 96.23% (transmittance), 320.533 nm (size),
66,6595 mV (zeta potential value). Similar to the A.
muricata nanoparticle, the actual readings for transmittance and zeta
potential in C. sappan nanoparticle were better than predicted.
However, particle size measurement showed an average of 453.3 nm
(Table 3), which is bigger than the predicted size. The difference in
the actual readings might be attributed to some aggregation during
storage which affects the particle size.

Nanoparticles are colloidal structures consisting of tiny particle sizes
between 10-1000 nm.* Particle size is the most important
characteristic in nanoparticle systems because it can determine the in
vivo distribution, drug release, toxicity, and targeting ability of the
nanoparticle system. In this study, the particle size obtained from the
optimum recommended formula ranged from 207.5-587.7 nm, thus,
has met the range of nanoparticle size. The transmittance value was
measured over 90%, which means the nanoparticles' suspension was
clear/less turbid. The polydispersity index (Pl) estimates the range of
particle size distribution in a sample and determines the presence or
absence of aggregation. The particle size distribution is expressed as
monodisperse if the Pl is between 0.01-0.7.* The results in this study
showed an average Pl of approximately 0.328-0.547, indicating that
the level of uniformity of the nanoparticle size distribution was quite
good. The characteristics of the surface charge of nanoparticles are
also an important feature to show the stability of a colloidal system,
which is indicated by the zeta potential value. In general, nanoparticles
with a zeta potential (+/-) 30 mV displayed stable suspensions.*? Here,
the zeta potential measurements were 66.46 mV (A. muricata) and
55.2 mV (C. sappan), indicating the possibility that these nanoparticle
systems might be less stable.

Table 1: The hRf value of extract-fraction from A. muricata
leaf and C. sappan heartwood

Sample hR¢

A. muricata extract 75;70;60;40;30;20
82.5;67.5;625;55;325;20;15
A. muricata fraction 275;15

C. sappan heartwood fraction 475;325;20;125

C. sappan heartwood extract
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Table 2: Transmittance, particle size, and zeta potential value of A. muricata leaf nanoparticles the from selected optimum formula
(Chitosan 85.710% + NaTPP 14.290%)

Replication Transmittance (%) Particle size (nm) Polydispersity Index Zeta Potential (mv)
1. 92.033 207.5 0.328 65.7

2. 91.518 248.3 0.357 66.8

3. 92.768 256.9 0.377 66.9

Mean + SD 92.106 £ 0.6 237.56 £ 26.3 0.354 £0.02 66.46 £ 0.6

Table 3: Transmittance, particle size, and zeta potential value of C. sappan heartwood nanoparticles the from selected optimum
formula (Chitosan 90.606% + NaTPP 9.394%)

Replication Transmittance (%) Particle size (nm) Polydispersity Index Zeta Potential (mv)
1. 94.779 315.2 0.438 704

2. 97.062 457.1 0.547 54.3

3. 99.722 587.7 0.474 41.0

Mean + SD 97.187+2.4 453.3+£136.2 0.486 + 0.05 55.2+14.7

Immunostaining of Bcl-2 Associated Agonist of Cell Death (BAD)
protein

A preliminary study showed that nanoparticles from A. muricata leaf
and C. sappan heartwood exhibited ICso values of 57.1 pg/mL and 88
pa/mL, respectively, suggesting a potential candidate of anti-cancer
compounds. The expression of BAD pro-apoptotic protein in HelLa
cells when exposed to doses of either nanoparticle of A. muricata leaf
or C. sappan heartwood at 1Csy was then evaluated (Figure 1).

The immunocytochemistry staining of HelLa cells without
nanoparticles treatment (control cells) demonstrated over 95% of cells
were unlabeled with BAD, as shown by intact purplish colour in their
nucleus and cytoplasmic surface (Table 4 and Figure 1A). Possibly,
the absence of BAD expression in the control cells was because of the
tumor suppressor gene inhibition by oncogenes E6 and E7 derived
from HPV that impaired the apoptosis.”® On the contrary, HeLa cells
treated with C. sappan heartwood nanoparticles showed 80.49%
apoptotic cells marked by BAD localization mainly in the cytoplasm
(Table 4 and Figure 1B). The brownish cells indicate that endogenous
BAD binds to the chromogen-tagged secondary antibody. BAD
expression in HelLa cells may indicate the return of function of the
tumor suppressor gene that signals cell death and upregulate the pro-
apoptotic protein BAD. The number of apoptotic cells treated with C.
sappan heartwood nanoparticles was much higher than the ones
treated with A. muricata leaf nanoparticles (25.31%). This discrepancy
might be attributed to the lower concentration of A. muricata used for
nanoparticle synthesis as explained aforementioned, consequently
resulting in less effective A. muricata nanoparticles. However, 50.3%
of HeLa cells expressed BAD when both nanoparticles were combined
(Table 4). This encourages us to further investigate if the combination
of the two nanoparticles doses can act synergistically on regulating
BAD-induced apoptosis.

The Bcl-2 associated agonist of cell death (BAD) protein involves in a
complex regulatory pathway that initiates apoptosis. Cancer cells
resist apoptosis by downregulating pro-apoptotic signals (e.g., BAD,
BAX) and upregulating anti-apoptotic signals (e.g., Bcl-2, Akt, Mcl-
1), Targeting antiapoptotic proteins by small-molecule inhibitors is a
challenging task in cancer biology research due to the complexities in
targeting many protein-protein interaction sites. A previous study *
showed that molecular docking of phytocompounds found in A.
muricata (acetogenin groups) exhibited strong binding interactions
with Bcl-2 as compared to quercetin, the potent Bcl-2 natural
inhibitors. The results suggest acetogenin could help promote the
intrinsic pathway of apoptosis.** In line with this result, the present
findings showed that A. muricata nanoparticle triggered BAD protein,
perhaps by direct interaction of acetogenin and Bcl-2.

Table 4: The percentage of BAD-expressed HeLa cells in four
different treatments

Treatment (I1Cso dose) BAD expression (%)

Control 4.38 +0.04
A.muricata leaf nanoparticle 25.31+£0.6*
C.sappan heartwood nanoparticle 80.49 + 0.3*
Combination 54.3+0.7*

Soum  alm

Figure 1: Immunostaining of HeLa cells with Bcl2-
associated agonist of cell death (BAD).

(a) Control group, (b) cells treated with A. muricata leaves
nanoparticles at 1Csp dose, (c) cells treated with C. sappan heartwood
nanoparticles at 1Cso dose, (d) cells receiving combination dose of
ICso. Note that cells in the treatment groups show strong cytoplasmic
positivity (brownish colour shown by arrows). The nucleus of cells in
the control was surrounded by purplish clear cytoplasm (arrowheads).
*p < 0.05 in comparison to control. N = 30.
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Activation of apoptosis via caspase-dependent pathway was reported
in glioblastoma cells (U87) by anticancer properties of brazilin
from C. sappan. Treatment with brazilin activates caspase-3 and
subsequent cleavage of poly-(ADP-ribose) polymerase (PARP).*® The
future interest is to determine how HeLa cells are induced to undergo
apoptosis and anticancer behaviors by corroborating BAD when
treated with nanoparticles derived from either A. muricata or C.
sappan.

Combined-dose of nanoparticles produces synergistic cytotoxic effect
on HeLa Cells

Next, several doses of A. muricata leaf and C. sappan heartwood
nanoparticles were combined to determine whether the combination
exhibited synergism, antagonistic, or additive cytotoxic properties
against HelLa cervical cancer. If the combination of the two shows
synergism, it can reduce the use of the concentration of the two
samples. The cytotoxic effect of the combined dose of nanoparticles is
displayed in Figure 2.

The combination that resulted in the lowest HelLa cell viability
(52.51%) was at 142.75 g/mL (Y4 1Cso) A. muricata leaf nanoparticle
and 44 g/mL (*2ICso) C. sappan heartwood nanoparticle (Figure 2).
The morphology of HelLa cells 24-h after treatment with nanoparticles
was observed using a light microscope (Supplementary Figure S1).
Apoptotic HeLa cells showed cytoplasm shrinkage (arrow) and a
decrease in cell volume. To the best of our knowledge, this result
presents the first combination approach of A. muricataand C.
sappan nanoparticles against cancer cells.* Previous reports had
demonstrated synergistic therapeutic effects with the combination of
acetogenin from A. muricata. For example, a combination of (2,4-cis)-
10R-annonacin-A-one and (2,4-trans)-10R-annonacin-A-one showed
cytotoxicity in breast cancer.** Combinations of acetogenin also
exhibited cytotoxicity in the prostate (PC-3), renal (A498), and
pancreatic (PACA-2) cancers.* To determine the relationship between
nanoparticle doses and their cytotoxicity effect on HeLa cells, the
combination index (CI) was calculated. Combining different doses of
A. muricata nanoparticle and C. sappan nanoparticle revealed several
Cl values and criteria ranging from the synergistic effect to the
antagonistic effect (see Supplementary Table S6-S7). Mild-moderate
synergistic and synergistic effects are indicated by CI values in bold.
Referring to the same mode of action, the most synergistic
combination which produced the lowest CI value (0.39) was given by
the combination of /s ICso A. muricata leaf nanoparticles and /0
ICso C. sappan heartwood nanoparticles.  Another  synergistic
combination was also obtained by combining a dose of /4 1Cs A.
muricata leaf nanoparticles and s 1Csp or Y ICsC.
sappan heartwood nanoparticles. In different modes of action, the
most synergistic combination with a Cl value of 0.42 resulted from the
combination of Y/g ICs A. muricata leaf nanoparticles and /4 1Cs C.
sappan heartwood nanoparticles. These data show that both
nanoparticles, when combined in the right dose, can effectively kill
HeLa cells compared to a single dose. In addition, it reduces the dose
size for each nanoparticle. Each active compound has its role in
regulating gene expression. However, some compounds have specific
genes that work in the same direction, resulting in a synergistic effect.
A higher synergistic effect correlates with a large number of specific
genes that are affected in the same direction. Conversely, when more
specific genes are affected in opposite directions, it will be directly
correlated to a higher antagonistic effect.*” Several factors may
influence the performance of drug combinations, including the
optimum time of drug exposure to determine gene expression and the
selection of specific genes responsible for the direction of drug action,
which is more inclined to synergistic or antagonistic effects. Other
factors may also affect drug performance, e.g., the use of natural
ingredients, where the activity is not only influenced by one entity but
a mixture of various constituent components.“®

Compared to single-drug therapy, multidrug therapy offers less risk to
drug resistance and has less toxicity in small dosage combinations, as
well as a higher therapeutic effect. It has gradually become the
standard of care in cancer therapeutic areas. The present findings
advanced our understanding of the nano-drug responsive cellular
processes. Considering the potential application for a co-
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chemotherapeutic agent, identification of the key mechanism that
leads to the synergistic effect of A. muricata and C. sappan
nanoparticles is highly desirable in the future.
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Figure 2: Cytotoxic effect of nanoparticles’ combined dose on
HelLa cells. Each nanoparticle was given at a series of
concentrations, i.e., />1Csg, /41Csq, /g1Cs0, and */151Csp.

Conclusion

In this study, a combination approach of applying nanoparticles from
A. muricata and C. sappan against cancerous HeLa cells has been
reported for the first time. The combined dose elicited a synergistic
effect (Cl<1) when each of the nanoparticle concentrations was given
at a concentration %2 1Cso and ¥ 1Cs, thus, presenting an approach for
efficient drug combination. The apoptotic pathway resulting in HelLa
cell death after treatment with each nanoparticle was, at least, partly
due to the upregulation of BAD protein.
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