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A B S T R A C T

Background: Annonaceous acetogenins have been reported to have anti-cancer properties but low viability. In this
study, we aimed to investigate the potency of nanodiamonds to be employed as a carrier of annonacin to help
increase its viability and inhibit the growth of breast cancer cells.
Methods: The annonacin was coupled with nanodiamond and characterized using UV-Vis spectrophotometer,
FTIR, SEM, and PSA, and determined their stability and drug release. A cell growth inhibition assay and cell
migration assay was performed using the breast cancer MCF7 and T747D cell lines, and in vivo analysis was
performed in rats (Rattus norvegicus). MCF7 and T747D cells were treated with 12.5 μg/mL annonacin coupled
with nanodiamonds for 24 and 48 h and further analyzed by MTT, cell migration, and reactive oxygen species
(ROS) assays. Twenty-five female rats were divided into five groups. Breast cancer was induced using two
intraperitoneal doses of N-nitroso-N-methylurea (NMU) (50 and 30 mg/kg body weight). Annonacin coupled with
nanodiamonds was administered by intraperitoneal injection (17.5 mg/kg body weight) for 5 weeks, one injec-
tion per 3 days.
Results: Administration of annonacin coupled with nanodiamonds significantly reduced MCF7 cell growth and
reactive oxygen species (ROS) levels. The in vivo study showed that administration of annonacin coupled with
nanodiamonds significantly reduced PI3KCA levels and increased p53 expression, reduced cancer antigen-15-3
(CA-15-3) levels in serum, increased caspase-3 expression, reduced Ki-67 levels, and reduced the thickness of
the mammary ductal epithelium.
Conclusions: Collectively, this study demonstrated the effectiveness of nanodiamonds as a carrier of annonacin to
inhibit breast cancer cell growth through inhibition of the PI3K/Akt signaling pathway.
1. Introduction

Cancer is a leading cause of morbidity and mortality worldwide. The
rate of annual decline in overall cancer mortality doubled from 2.4%
(2009–2013) to 5% (2014–2018). Despite the trend of declining cancer
mortality, 1,898,160 new cancer cases and 608,570 cancer deaths are
projected to occur in the United States in 2021 (Siegel et al., 2021).
Breast cancer is one of the most common cancers among women,
worldwide (Abd-Rabou et al., 2017). In the United States, the estimated
new cases of breast cancer in 2021 were 284,200, and the mortality rate
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of breast cancer patients was estimated to be about 15.5% of the total
breast cancer cases (Siegel et al., 2021).

During normal metabolic processes, the body produces oxidants
known as free radicals. Although oxidants are continuously produced,
cells have an antioxidant system, such as enzymes that remove free
radical molecules. This process is important because the availability of
excess oxidants or impairment of the antioxidant system causes oxidative
stress that destroys DNA, proteins, lipids, and carbohydrate molecules,
thus accelerating cancer development (Coughlin, 2018). Oxidative stress
accelerates cancer cell proliferation, angiogenesis, and metastasis by
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causing genomic instability activation of various signaling pathways
involved in cancer cell promotion or activation of various oncogenes and
suppressor genes (Liou and Storz, 2010).

The level of reactive oxygen species (ROS) play an important role in
carcinogenesis and affect multiple biological processes, such as cell
proliferation, differentiation, inflammation, cell survival, and resistance
to apoptosis. ROS can lead to lipid peroxidation, which is often moni-
tored by measuring malondialdehyde (MDA) levels. ROS-sensitive
signaling pathways, including the MAPK/ERK, NF-κB, and PI3K/Akt
pathways, are often elevated in many types of cancers (Liou and Storz,
2010). ROS generation during estrogen metabolism and other potential
mammary carcinogens were shown to activate the PI3K signaling
pathway (Burdick et al., 2003; Park et al., 2009).

Annonacin is an acetogenin produced by the members of the Anno-
naceae family. It has the potential to prevent cell division by arresting the
cell cycle, thereby inhibiting cell proliferation. In T24 bladder cancer
cells, annonacin induced cell cycle arrest and caused cytotoxicity in a Bax
and caspase-3 related pathway (Yuan et al., 2003). In cancers induced by
N-nitroso-N-methylurea (NMU), annonacin was able to arrest the cell
cycle at the G1 phase by stimulating the p21 protein (Wahab et al., 2018).
Furthermore, the compound was reported to inhibit the proliferation of
MCF-7 breast cancer cells by decreasing the expression of ER, cyclin D1,
and Bcl2 (Qazi et al., 2018). Despite its potential as an anti-cancer agent,
a pharmacokinetics study showed that annonacin has low bioavailability
and solubility (Gutierrez et al., 2020), and a low ability to cross the
blood-brain barrier (Chan et al., 2019). Gutirezz et al. (2020) reported
that the use of supramolecular polymer micelles (SMPM) as nanocarriers
for annonacin in a drug delivery system increased its bioavailability and
solubility; thereby demonstrating that the use of a carrier improves the
bioavailability of annonacin.

A nanodiamond is a nanoparticle of an allotrope of carbon, usually
with a diameter ranging from 2 to 100 nm. Recently, it has been used as a
carrier to deliver drugs to specific target cells. Nanodiamonds have
attracted considerable attention in therapies because they are safe,
effective, produce a strong response, and cannot be recognized by the
immune system (El-Say, 2011; Tsai et al., 2016). A nanodiamond has
unsaturated bonds of carbon on its surface and extraordinary sorption
and chemical linking capabilities that interact with molecules of interest
(Tsai et al., 2016; Chauhan et al., 2020). Several studies have shown good
results when nanodiamonds were used as drug carriers in cancers (Wei
et al., 2019). The conjugation of nanodiamonds with doxorubicin de-
creases tumor growth, overcomes drug efflux, and increases apoptosis of
cancer cells (Chow et al., 2011). Due to their biocompatibility property,
possibility nanodiamonds can be used as a carrier to deliver annonacin to
breast cancer cells, thus enhancing its bioavailability and anti-cancer
properties. Despite this possibility, to the best of our knowledge, no
studies have investigated the possibility of using nanodiamonds as a
carrier of annonacin. Therefore, this study aimed to investigate the po-
tency of nanodiamonds as carriers of annonacin to inhibit the growth of
breast cancer.

2. Material and methods

2.1. Conjugation of annonacin with nanodiamonds

Carboxyl-modified nanodiamond (ND) solution (1 mg/mL) (TCI,
N1084) was sonicated for 5 min using a sonicator. N-(3-dimethylami-
nopropyl)-N-ethylcarbodiimide hydrochloride (EDC, 8.35 μg) and sulfo-
N-hydroxysulfosuccinimide (NHS, 9.5 μg) were dissolved in dH2O, and
added to the ND suspension. Thirty minutes after stirring, 200 μg of
methyl polyethylene glycol (mPEG) was added to the activated ND so-
lution, and the mixture was stirred overnight at 25 �C. The mixture was
then centrifugated at 14,000 rpm for 2 h, and the pellet was collected and
dispersed in NaOH (2.5 mM) by sonication for 5 min. Next, annonacin (2
mg/mL) dissolved in DMSO was added, and the mixture was incubated
overnight using a rotating shaker at RT to allow the binding of annonacin
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to the surface of the nanodiamonds. Finally, the nanodiamond þ anno-
nacin complex was purified from the other substances by centrifugation
at 14,000 rpm for 2 h and washing the pellet with dH2O. The compound
loading efficiency (CLE) was calculated using the following equation:

CLE ¼ (compound added initially ‒ compound in the supernatant after centri-
fugation) / (compound added initially) x 100%

The absorbance values of annonacin before and after adsorption were
measured using a UV-vis spectrophotometer (Thermo Scientific Multis-
kan Go) at λ 250–350 nm.

2.2. Characterization of annonacin-nanodiamond complex

The annonacin-nanodiamond complex was characterized by scanning
electronmicroscopy (SEM),Uv-vis spectrophotometry, Fourier transform-
infrared (FT-IR) spectroscopy, and zeta potential analysis. The absorbance
of annonacin before and after conjugation was measured using UV-Vis
spectrophotometer (Thermo Scientific Multiskan Go) at λ 290 nm to
determine drug-loading efficiency. The FT-IR spectroscopymeasurements
of annonacin (AN), nanodiamonds (ND), and annonacin nanodiamond
(NDAN) complex was performed using an FT-IR spectrometer (Perki-
nElmer FT-IR Spectrometer Spectrum Two) in the 4000-400 cm-1 range.
The nanodiamond powders were placed in a diamond chamber and the
spectra were recorded immediately. For each sample, the signal obtained
from theblank chamberwas subtracted as a background. The spectral data
were compared to those in thedatabase todetermine the functional groups
in each sample. The zeta potential of the nanodiamonds was measured
using a particle size analyzer (Horiba SZ-100).

2.3. Stability of annonacin-nanodiamond complex in different media

The stability of nanodiamonds during interaction with DMEM (Dul-
becco’s Modified Eagle Medium), 10% fetal bovine serum (FBS), and
complete DMEM media were analyzed by measuring their zeta potential
using a particle size analyzer (Horiba SZ-100). The experiments were
performed by dispersing the nanodiamonds at a concentration of 200 μg/
mL in different media. After incubation, the samples were centrifuged for
10 min at 12,000 g. The pellets thus obtained were suspended in distilled
water, shaken, sonicated for 10 min, and resuspended. The centrifugation
was repeated thrice. The final aggregates were resuspended in distilled
water (Hemelaar et al., 2017).

2.4. Drug release study of the annonacin-nanodiamond complexs

To construct the calibration curve of annonacin, concentrations of 1:9
DMSO-PBS and annonacin were prepared at 0.0625–8 mg/ml. A cali-
bration curve was plotted using the absorbance values at λ ¼ 285 nm
using a UV-vis spectrophotometer (Varioskan™ LUX multimode micro-
plate reader). For the drug release study, annonacin nanodiamonds were
tested for sustained release capacity in physiological buffer media ac-
cording to the method of Roy et al. (2018), with some modifications.
Firstly, 0.5 ml of annonacin nanodiamond solution (40 mg/mL) was
placed into a dialysis bag filled with 50 ml dissolution solution consisting
of PBS pH 7.4 and 0.1% Tween 20. The sample was dialyzed against the
buffer solution at 37 �C at 150 rpm. At each time point, 1000 μL of the
solution was removed from the tank, and an equal amount of fresh buffer
was replaced. The final drug concentrations of the collected samples were
determined using a UV-Vis spectrophotometer (Varioskan™ LUX Multi-
mode Microplate Reader) at λ ¼ 285 nm.

2.5. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay

MCF-7 and T47D cells (5,000/well) were seeded in a 96-well plate.
After 24 h, the cell groups were treated with the following reagents ac-
cording to indicated time courses:
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CTL group: MCF7 cells administered with dimethyl sulfoxide (DMSO)
ND group: MCF7 cells administered with nanodiamonds
AN group: MCF7 cells administered with 12.5 μg/mL of annonacin
NDAN group: MCF cells administered 12.5 μg/mL annonacin coupled
with nanodiamonds

After each indicated time course, 10 μl of 12 mM MTT solution was
added to each well, followed by 3 h of incubation, and the reaction was
stopped by adding 100 μl of STOP solution. The samples were mixed
thoroughly, and absorbance was measured at 570 nm (Dewi et al., 2021).
To determine the inhibitory concentration (IC)-50, free annonacin and
annonacin coupled with nanodiamonds were added at several doses (0;
0.4; 0.8; 1.5; 3; 6; 12.5; 25; 50; 100; 200) μg/mL to MCF7 and T47D cells,
and the cells were incubated for 48 h.

2.6. Cell migration and motility assay

Cell migration and motility were evaluated using a wound-healing
assay. Briefly, MCF7 and T47D cells were seeded at a density of 8 � 104

cells/well in 6-well plates and cultivated for 48 h. Each disc was artificially
wounded by creating a scratch on the cell monolayer using a 10 μl plastic
pipette tip. The cells were treated according to the indicated treatment
groups and cultured for another 48 h. Images of scratch wounds were
captured using a Nikon inverted microscope. Measurements of wound
widthwere subtracted from those of thewoundwidth at time zero to obtain
net wound closure. The percentage of wound closure were then calculated.

2.7. ROS level measurement

ROS levels were measured using an ROS assay kit (SolarBio China
#CA1410). Briefly, the cell culture medium was removed, and 20,70-
dichlorofluorescein diacetate (DCFH-DA) (10 μmol/L) until the cells
were fully covered. The cells were then incubated at 37 �C for 20 min and
were washed with serum-free culture medium to remove DCFH-DA
completely. Next, the cells were observed under a confocal laser scan-
ning microscope (Olympus) using an FITC fluorescence spectrum at an
excitation wavelength of 488 nm and emission wavelength of 525 nm.

2.8. Animal model experimental design and ethics

All procedures involving animal models were approved by the Animal
Care and Use Committee of the Faculty of Animal Health, Universitas
Airlangga (No. 2. KE.046.04.2021). Twenty-five female rats (species
Rattus novergicus, 4–8 weeks old, 250–300 g weight) were placed in
plastic cages covered by a wire gauze; 5 rats of each group were kept as
2–3 rats/cage. The rats were maintained under standard conditions in a
12 h dark-light cycle. Before commencing the treatments, the rats were
acclimatized for two weeks, and then grouped into five groups.

Normal control group (CTL): normal control, injected with buffer
saline.
Negative control group (K-): injected with NMU in buffer saline.
Nanodiamond group (ND): injected with NMU and nanodiamonds.
Annonacin group (AN): injected with NMU and annonacin.
Annonacin coupled with nanodiamonds (NDAN): injected with NMU
and annonacin coupled with nanodiamonds.

Breast cancer was induced by two intraperitoneal injections of NMU.
The first NMU dose used for injection was 50 mg/kg body weight and the
second was 30 mg/kg body weight. Breast cancer formation was assessed
by palpitation, and when the breast cancer was formed, the rats were
intraperitoneally injected with the respective substances mentioned
above. The treatmentwas carried out for 5weeks, with one injection per 3
days. The concentration of annonacin (AN) and annonacin coupled with
nanodiamonds for each injection was 17.5 mg/kg body weight. Annona-
cin was purchased from Anhui Minmetals Development Ltd. (China).
3

2.9. Serum collection

After the final day of treatment, the rats were sacrificed under
ketamine anesthesia (Tsai et al., 2016). Blood was collected from the
left ventricle using a 26G injection needle and collected in 5 ml
microtubes. To isolate serum from the blood, the blood was allowed to
stand for 2 h, centrifuged at 1000 rpm for 5 min, and the upper phase
was collected.

2.10. Protein isolation

Mammary gland tissue was isolated from the sacrificed rats, cleaned
using buffer saline, placed in a mortar containing liquid nitrogen, and
crushed using a pestle. The ground mammary gland tissue was filtered
using a 200 μm filter, and the suspension was centrifuged at 2000 rpm for
5 min. The pellets were collected, NH4Cl was added, and the mixtures
were centrifuged at 2000 rpm for 5 min. The procedure was repeated to
obtain white pellets, which were then suspended in buffer saline and
sonicated at 2-kHz for 20 s (6 times) under ice-cold conditions. The ho-
mogenates were centrifuged at 2500 rpm for 5 min, and the supernatants
were collected and stored at -20 �C for further use.

2.11. Determination of the levels of malondialdehyde (MDA) in serum

The serum levels of MDA were measured using a spectrophotometric
assay (Solarbio, BC0025). The kit contained an extraction reagent, R1
solution, R2 powder, and R3 solution. MDA working reagent was pre-
pared by adding 15 mL of R1 to R2, and the mixture was heated in a
water bath at 70 �C. In each sample test tube, 300 μL of the MDA
working reagent, 100 μL of serum, and 100 μL of R3 were added. In
addition, in the blank tube, 300 μL of MDA working reagent, 100 μL
distilled water, and 100 μL of R3 were added. All the tubes were closed
tightly and incubated at 100 �C for 60 min. After incubation, the tubes
were cooled in an ice bath and centrifuged at 10,000 g for 10 min at
room temperature to remove insoluble materials. Absorbance of the
supernatants was measured at 450, 532, and 600 nm. The concentration
of MDA was measured using the following equation provided by the
manufacturer:

MDA (nmol/ mL) ¼ (12.9 �(ΔA532-ΔA600)-2.58�ΔA450) �V�Vs ¼ 5�
(12.9�(ΔA532-ΔA600)-2.58�ΔA450)

2.12. Enzyme-linked immunosorbent assay (ELISA)

The levels of ERBB2 (Finetest, ER1910), p53 (Finetest, ER0394),
PI3KCA (Finetest, ER0606) and CA-15-3 (Finetest, ER0789) were
determined by ELISA. The levels of ERBB2, p53, and PI3KCA were
measured from tumor tissue proteins, while CA-15-3 was measured from
serum proteins. Briefly, 50 μL of standards (5000, 2500, 1000, 500, 250,
0 pg/mL) were added to each well, and the plate was shaken gently. Next,
50 μL of PBS (pH 7.0–7.2) was added to the blank control and, 5 μL of
balance solution was added to 50 μL of the samples. In each well, 50 μL of
the conjugate was added, except in the control well. The plate was then
covered and incubated for 60 min at 37 �C The plate was washed with the
diluted solution and air-dried. Subsequently, substrate A and substrate B
were added to each well, including the control, and the plate was incu-
bated for 15–20 min at 37 �C. Next, 50 μL of stop solution was added and
mixed. Absorbance was measured at a wavelength of 450 nm.

2.13. Hematoxylin eosin (H-E) staining and epithelial thickness
measurement

Briefly, 4-μm thick paraffin-embedded tissue blocks were sectioned
onto slides and deparaffinized. The slides were then placed overnight in
an oven and deparaffinized. The slides were then stained with hema-
toxylin solution for 10 min, washed with running water, and incubated
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with acidic ethanol (1% HCl in 70% ethanol) for 5 s. After that, the slides
were incubated with eosin staining for 5 min, washed, and incubated in
alcohol series (ethanol 70% - ethanol absolute), followed by a series of
xylol I and xylol II. The slides were mounted using Entellan mounting
medium and observed under a microscope (Nikon, Japan). Epithelial
thickness was measured using ImageJ software.

2.14. Immunohistochemical staining and analysis

Immunohistochemical staining was performed according to the
manufacturer's guidelines (Finetest, IHC0007). Briefly, 4-μm thick
paraffin-embedded tissue blocks were sectioned onto slides, and the
sections were deparaffinized. The sections were then blocked for 1 h with
blocking serum at 37 �C. The slides were incubated with primary anti-
bodies against Ki-67 (Invitrogen, MA5-14520) and caspase-3 (Invitrogen,
PA1-29157) overnight at 4 �C, washed, and incubated using poly-HRP
goat anti-rabbit IgG as a secondary antibody at room temperature for 1
h. Color was developed using 3,3'-diaminobenzidine tetrahydrochloride
for 2–10 min, and the sections were counterstained with hematoxylin.
Images were acquired using a Nikon microscope (Tokyo, Japan) and
digitally processed using ImageJ software to measure the percentage of
cells exhibiting positive staining of Ki-67 and caspase-3.

2.15. Statistical analysis

Statistical analysis was performed using PRISM software with one-
way analysis of variance (ANOVA). P < 0.05 was considered statisti-
cally significant.

3. Results

3.1. Characterization of annonacin-nanodiamond complex

The conjugation of annonacin to nanodiamonds was investigated
using SEM imaging, Uv-Vis spectrophotometry, and FT-IR. The results
Figure 1. (A) Imaging of annonacin-nanodiamond complex by using SEM (magnific
transform infrared spectroscopy of annonacin, nanodiamond, and annonacin nanodi
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showed that the size of the complex was approximately 150–300 nm,
indicating successful conjugation (Figure 1A). The Uv-Vis results
showed that the absorbance of annonacin at 290 nm before conjugation
with nanodiamonds was 3.56, and the absorbance after conjugation
was 0.93, indicating that the drug-loading efficiency was approximately
74% (Figure 1B). Figure 1C shows the results of FT-IR characterization
of annonacin (AN), nanodiamond (ND), and annonacin-nanodiamond
complex (NDAN) used in this study. The nanodiamonds exhibited
strong peaks at 2970, 1738, 1365, and 1055 cm�1, corresponding to
CH3 asymmetric stretching, C¼O stretching, C–O stretching, and C–O
stretching, respectively (Petit and Puskar, 2018). The annonacin
spectra exhibited strong signals at 3304, 2922, 1743, and 1011 cm�1,
corresponding to O–H stretching, C–H stretching, C¼O stretching, and
C¼O, respectively. These spectra were not present in the nanodiamond
spectra. The FT-IR spectra of the annonacin-nanodiamonds clearly
demonstrate the presence of the characteristic features of the corre-
sponding annonacin spectra at 3371, 1782, and 1026 cm�1. The shifted
wavenumber might have been because of absorption of annonacin into
the nanodiamonds. Characteristic bands of both annonacin and nano-
diamonds appeared in the FT-IR spectra of the annonacin-nanodiamond
complex, confirming successful absorption of annonacin on the
nanodiamonds.

The zeta potential of the nanodiamonds was -81.1 � 0.6 mV. The
adsorption of annonacin caused the zeta potential on nanoparticles to be
increased to -65.8 � 0.1 mV (Table 1).

The stability of annonacin coupled with nanodiamond particles in
DMEMwas evaluated to compare the stability of the complex in different
media. Zeta potential analysis showed that the zeta potential of nano-
diamonds in DMEM was -57.5 � 0.2 mV. The adsorption of annonacin
caused the zeta potential of the nanoparticles to be reduced to -66.5� 0.2
mV. In 10% FBS, the zeta potential of nanodiamonds was -53.1� 0.1 mV,
and the adsorption of annonacin resulted in the zeta potential to be
reduced to -67.4 � 0.2 mV. In complete DMEM, the zeta potential of
nanodiamonds was -57.2 � 0.5 mV, and the adsorption of annonacin
ation 40.000x). (B) Uv-vis of annonacin before and after adsorption. (C) Fourier
amond.
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caused the zeta potential to be slightly reduced to -58.6 � 0.4 mV
(Table 2).
media.

Sample Zeta potential value (mV)

DMEM 10% FBS Complete DMEM

Nanodiamonds -57.5 � 0.2 -53.1 � 0.1 -57.2 � 0.5

Annonacin-nanodiamond complex -66.5 � 0.2 -67.4 � 0.2 -58.6 � 0.4
3.2. Release of annonacin from nanodiamonds

Sustained drug release of annonacin-nanodiamond complex was
determined using the dialysis method in phosphate-buffered saline
(PBS). To measure the drug released outside the dialysis bag, samples
were taken at intervals up to 72 h. The results are shown in terms of the
amount of annonacin released from the nanodiamond (in mg/mL) rela-
tive to that of the initial drug load. The release assay demonstrated a
biphasic behavior, with the release of an initial burst of annonacin for 6
h, followed by sustained release for up to 72 h. After 42 h, annonacin was
released slowly at 37 �C. The annonacin release profile in aqueous so-
lution suggested that the nanodiamond complex was stable (Figure 2).
3.3. 50% inhibitory concentration (IC50) and effect of annonacin coupled
with nanodiamonds on growth of MCF7 and T47D cells

In MCF7 cells, the IC50 of free annonacin was 21.1 μg/mL, while the
IC50 of annonacin coupled with nanodiamonds was 14.41 μg/mL
(Figure 3A-B). In T47D cells, the IC50 of free annonacin was 69.88 μg/mL,
and the IC50 of annonacin coupled with nanodiamonds was 22.72 μg/mL
(Figure 3C-D). The viability of MCF7 cells was significantly reduced in
annonacin-nanodiamond complex-treated cells at 24 h compared to that
in the cells of CTL group (P < 0.05). At 48 h after treatment, the cell
viability in both the AN and NDAN groups was significantly reduced
compared to that in the CTL group (P < 0.05). However, there was no
significant difference in cell growth between the AN and NDAN groups
after 48 h of treatment (Suppl. Figure 1).
3.4. Effect of annonacin coupled with nanodiamonds on cells migration
and motility

To determine the effect of annonacin coupled with nanodiamonds on
cell migration and motility, we performed a wound-healing assay using
MCF7 and T47D cells. The results showed that migration and motility of
MCF7 and T47D cells in the NDAN-12.5 group were significantly slower
than those in the AN-12.5 group (P < 0.05). The % wound closure of
MCF7 cells in AN-12.5 and NDAN-12.5 group was 76.86� 3.2% and 54.2
� 4.0%, and in T47D cells was 41.97� 16.16 and 20.93� 11.76%, while
in CTL group it was 89.95 � 3.25% and 94.138 � 4.63%, respectively.
The increased dose of AN to 75 μg/mL significantly reduced the wound
closure percentage compared to the lower dose, however there is no
significant difference of wound closure percentage between AN-75 group
than those in NDAN-75 group (Figure 4).
3.5. Effect of annonacin coupled with nanodiamonds on ROS levels in
MCF7 cells

To investigate the antioxidant activity of annonacin coupled with
nanodiamonds, we measured the ROS levels in MCF7 cells. High levels of
ROS promote tumor development and metastasis. Treatment with
annonacin coupled with nanodiamonds for 24 h significantly (P < 0.05)
reduced ROS levels in MCF7 cells than in cells of the CTL group. The ROS
levels in the NDAN group were significantly (P < 0.05) lower than those
in the AN group (Figure 5).
Table 1. Zeta potential value of annonacin-nanodiamond complex in water.

Sample Zeta potential value (mV)

Nanodiamonds -81.1 � 0.6

Annonacin-nanodiamond complex -65.8 � 0.1
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3.6. Effect of annonacin coupled with nanodiamond on MDA level in
breast cancer-induced rats

To investigate the lipid peroxidation activity of ROS in vivo, we
measured MDA levels in the serum of breast cancer-induced rats. MDA is
the most common biomarker of oxidative stress in many health condi-
tions, including cancer. Annonacin coupled with nanodiamond admin-
istration significantly (P < 0.05) reduced MDA levels in the serum of
breast cancer-induced rats compared to those in the CTL (-) group. MDA
levels in the AN and NDAN groups were not statistically different, as the
level of MDA in both groups was similar to that in the NC group
(Figure 6).

3.7. Effect of annonacin coupled with nanodiamond on the P13K/Akt
signaling pathway in breast cancer-induced rats

The P13K/Akt signaling pathway is ROS-sensitive. First, we examined
ERBB2 levels as an upstream molecule of PI3K. ERBB2 levels were not
significantly different between groups (Figure 7A). Annonacin coupled
with nanodiamond administration in breast cancer-induced rats signifi-
cantly (P < 0.05) reduced PI3KCA/P110α (a subunit of PI3K) expression
compared to that in the CTL (-) group. The levels of PI3KCA in the AN and
NDAN groups were significantly different (P < 0.05) (Figure 7B). In
contrast, the administration of annonacin coupled with nanodiamond
significantly (P < 0.05) increased P53 (a tumor suppressor protein)
expression compared to that in the CTL (-) group. The level of P53 in the
AN and NDAN groups were significantly different (P< 0.05) (Figure 7C).

3.8. Effect of annonacin coupled with nanodiamond on serum levels of
cancer antigen 15–3 (CA-15-3) in rats with breast cancer

To investigate the potential of annonacin coupled with nanodiamond
to prevent breast cancer metastasis, we measured the serum levels of CA-
15-3, a marker for breast cancer metastasis. The serum level of CA-15-3 is
used as a marker to monitor metastatic breast cancer patients undergoing
treatment and for the detection of tumor recurrence (Prabasheela and
Arivazhagan, 2011; Hashim, 2013; Keshaviah et al., 2007). Annonacin
coupled with nanodiamond administration significantly (P < 0.05)
reduced CA-15-3 levels in the serum of breast cancer-induced rats
compared to those in the CTL (-) group. The CA-15-3 levels in the AN and
NDAN groups were not statistically different, as the level of CA-15-3 in
both groups was already below that in the NC group (Figure 8).

3.9. Effect of annonacin coupled with nanodiamonds on proliferation and
apoptosis in rats with breast cancer

To investigate the effect of annonacin coupled with nanodiamonds on
proliferation and apoptosis in breast cancer induced in rats, we per-
formed immunohistochemical staining for Ki-67 (proliferation marker)
and caspase-3 (apoptosis marker). We also measured the thickness of the
mammary ductal epithelium, which was thickened as a consequence of
cell proliferation and apoptosis. Administration of annonacin coupled
with nanodiamonds significantly (P < 0.05) reduced the percentage of
cells displaying positive Ki-67 staining compared to that in the CTL(-)
group (Figure 9). The percentage of cells showing positive Ki-67 staining
was significantly different between the AN and NDAN groups (P< 0.05).
In contrast, the administration of annonacin coupled with nanodiamonds



Figure 2. In vitro annonacin release from nanodiamond complex.

Figure 3. IC50 of free annonacin and annonacin coupled with nanodiamond in MCF7 (A–B) and T47D cells (C–D).
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significantly (P < 0.05) increased the percentage of cells exhibiting
positive caspase-3 staining compared to that in the CTL(-) group
(Figure 10). The percentage of cells positive for caspase-3 staining was
not significantly different between the AN and NDAN groups. The
caspase-3 positive cells in the NDAN group were not statistically signif-
icant compared to those in the NC group, while in the AN group, the
number of caspase-3 positive cells were significantly (P < 0.05) different
compared to those in the NC group. Mammary ductal epithelium mea-
surements suggested that administration of annonacin coupled with
nanodiamonds significantly (P < 0.05) reduced the thickness of mam-
mary ductal epithelium in breast cancer-induced rats compared to that in
6

the CTL(-) group. The thickness of the mammary ductal epithelium in the
NDAN group was significantly different from that in the AN group (P <

0.05) (Figure 11).

4. Discussion

Cancer is a serious disease that is on the increase in both developed
and developing countries (DeSantis et al., 2019; Ngulde et al., 2020). The
most commonly used cancer treatment methods are surgery, radio-
therapy, and chemotherapy (DeMartel et al., 2012). However, conven-
tional cancer therapies have low viability and induce intrinsic toxicity



Figure 4. Cell migration assay of MCF-7 and T47D cells administered with 12.5 and 75 μg/mL of annonacin coupled with nanodiamond for 48 h. Mean values with
the different signs are significantly different compared to the control group.

Figure 5. The ROS level in MCF-7 cells administered with 12.5 μg/mL of annonacin coupled with nanodiamond for 24 h. Mean values with the different signs are
significantly different at P < 0.05.
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(Landeros-Martinez et al., 2016). Chemotherapy is a cancer treatment
that uses cytotoxic agents to kill cancer cells; however, owing to its
non-specificity, it can also kill normal cells during the process. Conse-
quently, it can cause several side effects during and after therapy.
Recently, researchers have focused on developing methods that can
selectively target cancer cells. Owing to the abnormal structure of blood
vessels in tumors, the use of drug delivery systems is expected to be a
means to kill cancer cells without affecting normal cells. In this study, we
investigated the potency of annonacin, a bioactive compound of Annona
muricata, as an anti-cancer agent and explored its potential as a carrier for
annonacin.

A nanodiamond (ND) is a carbon-based nanoparticle with a high
chemical surface biocompatibility that can be used in drug delivery sys-
tems. Previously, several studies have reported the potential of nano-
diamonds as a carrier of plant bioactive compounds including ciproten,
7

quercetin, and curcumin for cancer therapy (Gismondi et al., 2015; Du
et al., 2021). Pharmacokinetic data have shown that annonacin has low
viability (Chan et al., 2019). A previous study suggested that supramo-
lecular polymer micelles (SMPM) as a carrier for annonacin could increase
the bioavailability of annonacin (Gutierrez et al., 2020). In this study, the
annonacin was coupled into nanodiamond and showed an average size of
150–300 nm. The FT-IR spectra of NDAN display the characteristic feature
of nanodiamond and annonacin, indicating that the coupling of annonacin
to the nanodiamond surface did not alter the nanodiamond structure. To
interact with cells and for controlled electrostatic interactions with target
sorbent molecules, the zeta potential value is crucial (surfaces of cell
membranes are negatively charged) (Shenderova andMcGuire, 2015). The
complex of annonacin nanodiamond showed negative zeta potential
(�65.8 � 0.1 mV), which is higher than nanodiamond. Electrostatic
repulsion forces between the particles increased, corresponding to the zeta



Figure 6. The serum levels of MDA in breast cancer-induced rats following
treatment with 17.5 mg/kg body weight of annonacin coupled with nano-
diamond for 5 weeks. Mean values with the different signs are significantly
different at P < 0.05. Each bar represents mean � SD (n ¼ 5).

Figure 8. The serum levels of CA-15-3 in breast cancer-induced rats following
treatment with 17.5 mg/kg body weight of annonacin coupled with nano-
diamond for 5 weeks. Mean values with the different signs are significantly
different at P < 0.05. Each bar represents mean � SD (n ¼ 5).
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potential. This repulsion reduces the aggregation/flocculation caused by
van der Waals interactions by increasing the spacing between the sus-
pended particles. However, because nanoparticles have a lower zeta po-
tential, they tend to aggregate and grow in size (Wang et al., 2014).
Moreover, the nanodiamond complex stability study was conducted by
incubating it in different media, DMEM, 10% FBS, and complete DMEM.
The stable colloidal suspension system that inhibits nanoparticle aggre-
gation is thought to consist of nanoparticles with zeta potentials greater
than or equal to þ30 mV or less than -30 mV (Honary and Zahir, 2013).
The zeta potential value of the annonacin nanodiamond complex varied
between -67.4 mV and -58.6 mV on different mediums, showing that it
remained stable.

Another study reported antiproliferative effects of annonacin on
endometrial cancer cells (Yap et al., 2017). In addition, one more study
reported the potency of annonacin in inducing cell cycle arrest and
apoptosis of MCF7 cells in the estrogen receptor-related pathways (Ko
et al., 2011). To the best of our knowledge, this is the first study to report
the potency of nanodiamonds that can be used as a carrier of annonacin
to increase its viability, thus increasing its effect on MCF7 cell viability
(Figure 2). Twenty-four hours after treatment, the cell viability of the
group treated with annonacin coated onto nanodiamonds was signifi-
cantly lower than that of the group treated with annonacin only.
Figure 7. The ERBB2, PI3KCA, and P53 expression in breast cancer-induced rats f
nanodiamond for 5 weeks. Mean values with the different signs are significantly dif
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Elevated ROS levels have been observed in almost all types of cancers.
Elevated ROS levels can promote tumor development and metastasis.
Therapeutic antioxidants may prevent early processes in carcinogenesis
that is caused by ROS. High ROS levels in cancer cells can result from
several cell activities or signaling pathways, including increased meta-
bolic activity and oncogene activity (Liou and Storz, 2010; Szatrowski
and Nathan, 1991). A previous study reported that crude A. muricata leaf
extract can trigger intrinsic apoptotic pathways through ROS formation
in breast cancer cells (Kim et al., 2018). In this study, we showed that
annonacin, a bioactive compound of A. muricata, can reduce ROS and
MDA levels in MCF7 cells and breast cancer-induced rats, and annonacin
coated onto nanodiamonds can reduce the level of ROS even further
(Figures 3 and 4).

ROS-sensitive signaling pathways are constantly activated in many
types of cancers, wherein they are involved in cell proliferation, cell
survival, and inflammation (Storz, 2005). Several signaling pathways are
regulated by ROS, including the mitogen-activated protein (MAP) kin-
ase/ERK cascade, nuclear factor κB (NFκB), and PI3K/Akt pathways. In
cancer cells, activation of the PI3K/Akt signaling pathway inactivates the
TP53 tumor-suppressor gene, which is a common mechanism to promote
proliferation and escape from apoptotic cell death. Activation of
PI3K/Akt signaling mediates a negative control of p53 levels by
ollowing treatment with 17.5 mg/kg body weight of annonacin coupled with
ferent at P < 0.05. Each bar represents mean � SD (n ¼ 5).



Figure 9. Cells with positive Ki-67 staining in breast cancer-induced rats following treatment with 17.5 mg/kg body weight of annonacin coupled with nanodiamond
for 5 weeks (Scale bar: 40 μm). Mean values with the different signs are significantly different at P < 0.05. Each bar represents mean � SD (n ¼ 5).

Figure 10. Cells with positive Caspase-3 staining in breast cancer-induced rats following treatment with 17.5 mg/kg body weight of annonacin coupled with
nanodiamond for 5 weeks (Scale bar: 40 μm). Mean values with the different signs are significantly different at P < 0.05. Each bar represents mean � SD (n ¼ 5).
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enhancing MDM2 (murine double minute 2)-mediated targeting of p35
for degradation (Abraham&O'Neill, 2014; Liu et al., 2020). In this study,
we showed that annonacin affects the PI3K signaling pathway by
downregulating PI3KCA expression, thus increasing p53 expression.
Treatment of a rat model with annonacin coated onto nanodiamonds
decreased PI3KCA levels and increased p53 expression even further,
suggesting the ability of nanodiamonds to act as a carrier to increase
annonacin activity. A previous study reported that annonacin exerts a
cytotoxic effect by inhibiting mitochondrial complex I, thus leading to
the repression of ubiquinone-linked NADH oxidase (Md-Roduan, 2019).

We examined the expression of CA-15-3 in the serum of rats. Cancer
antigen 15–3 (CA-15-3) is an antigen encoded by the MUC1 gene, which
is expressed on the surface of benign and malignant epithelial cells. The
serum level of CA-15-3 is used as a marker to monitor metastasis in pa-
tients with breast cancer (Prabasheela and Arivazhagan, 2011; Hashim,
2013; Keshaviah et al., 2007). In our study, the serum level of CA-15-3
9

increased in the negative control group and decreased significantly
when annonacinwas administered. This result can be used as preliminary
data to study the potential effect of annonacin in preventing breast cancer
metastasis. Further studies are needed to explore more metastatic
markers, including carcinoembryonic antigen (CEA), matrix metal-
loproteinase (MMP)-2, and MMP9.

Ki-67 and caspase-3 proteins are two important prognostic variables
for breast cancer. The rate of tumor proliferation is one of the most
important prognostic factors in breast cancer that is commonly detected
by immunohistochemical staining of Ki-67. Ki-67 is an easily used pro-
liferationmarker and a reliable substitute for mitotic counts (Zhang et al.,
2010). Several studies have investigated the significance of the Ki-67
proliferation index, which is significantly higher in malignant breast
cancers than in benign tumors (De Azambuja et al., 2007). In our study,
the administration of annonacin coupled with nanodiamonds signifi-
cantly reduced the percentage of cells positive for Ki-67 staining.



Figure 11. The thickness of mammary ductal epithelium in breast cancer-induced rats following treatment with 17.5 mg/kg body weight of annonacin coupled with
nanodiamond for 5 weeks (Scale bar: 10 μm). Mean values with the different signs are significantly different at P < 0.05. Each bar represents mean � SD (n ¼ 5).
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Furthermore, the conjugation of annonacin with nanodiamonds signifi-
cantly increased the anti-cancer properties of annonacin, as shown by a
significant reduction in the percentage of cells showing Ki-67 staining in
NDAN group than in AN group.

A balance between apoptosis and cell proliferation determines tumor
growth (Chang et al., 2000). Caspase-3 is classified as an executioner
caspase, and is commonly used as a marker for apoptosis in cancer.
Administration of annonacin coupled with nanodiamonds significantly
reduced the percentage of cells showing positive caspase-3 staining,
thereby suggesting the ability of annonacin to induce apoptosis in cancer
cells as well as the efficacy of nanodiamonds as a carrier of annonacin.
Finally, we examined the thickness of the mammary ductal epithelium in
breast cancer-induced rats. The reduction of cancer cell proliferation and
increased cancer cell apoptosis resulted in a reduction in the thickness of
the mammary ductal epithelium. Administration of annonacin coupled
with nanodiamonds significantly reduced the thickness of the mammary
ductal epithelium, and conjugation of annonacin with nanodiamonds
significantly increased its anti-cancer activity, as shown by the significant
reduction in mammary ductal epithelium in the group treated with
annonacin coupled with nanodiamonds than in the group treated with
annonacin only (Figure 11). A recent study reported that conjugation
with nanodiamonds can increase vascular leakage, thus allowing a higher
amount of drug to enter the tumor microenvironment (Setyawati et al.,
2016).

5. Conclusions

Collectively, this study demonstrates the novel potential of nano-
diamonds as a carrier of annonacin. In addition, we demonstrated a novel
mechanism achieved by annonacin in breast cancer cells that involves the
PI3K/Akt signaling pathway. Future clinical investigations should
explore the mechanisms by which annonacin contributes to the preven-
tion of metastasis in breast cancer cells.
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