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Abstract

Objective: This investigation aimed to increase the bioavailability and anticancer effects of allicin (AC) by encapsulating it in solid lipid
nanoparticles (SLN) decorated with chitosan (CS)-conjugated folic acid (FA).Material and Methods: Nanoparticles (NPs) were syn-
thesized by high-pressure homogenization, and then, Fourier-transform infrared (FTIR), Field-Emission Scanning Electron Microscopy
(FESEM), Dynamic Light Scattering (DLS), and zeta potential methods were used to determine their physicochemical characteristics.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed to assess the effect of toxicity and flow cy-
tometry, while fluorescent staining methods were used to investigate the type of cell death. Real-time quantitative polymerase chain
reaction (qPCR) was used to evaluate the expression levels of apoptotic genes: Bcl-2, and caspase-8. Results: The presence of AC-
SLN-CS-FA with a spherical morphology, an average size of 86.7 ± 9.4 nm, uniform distribution (0.31), a surface charge of +21.3 ±
13.3 mV, an encapsulation percentage of 86.3%, and a folate binding rate of 63% confirmed the success of the preparation method. Sup-
pression of MCF-7 cancer cells and non-toxicity of AC-SLN-CS-FA on Human foreskin fibroblast (HFF) normal cells were confirmed
by cytotoxic assay. The results of flow cytometry revealed that the cells were arrested in the sub-G1 phase, and the activation of the
intrinsic apoptosis pathway was confirmed by the results of real-time qPCR. Conclusions: In general, AC-SLN-CS-FA has the potential
to prevent free radicals and trigger apoptosis in cancer cells by activating the intrinsic apoptosis pathway; thus, making it a promising
subject in preclinical research.
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1. Introduction
Genetic instability and mutations in genes involved in

cell proliferation, including proto-oncogenes, tumor sup-
pressor genes, etc., can increase cell proliferation, inhibit
apoptosis, and cause malignancy in cells [1]. The iden-
tification of cellular and molecular processes involved in
the development of various diseases, including cancer,
has led to the achievement and development of therapeu-
tic molecules with the ability to affect target tissues [2].
Presently, herbal bioactive compounds receive much atten-
tion because of their extensive biological effects and fewer
side effects compared to chemotherapy [3,4].

Allicin (AC), an organosulfur compound found in gar-
lic, has anticancer, antioxidant, anti-inflammation, and an-
tibacterial effects, which have been reported in many inves-
tigations [5]. However, the insolubility and entrapment of
this compound in plasmamembrane proteins and fatty acids
have limited its clinical application [6]. The use of nano-
based drug delivery systems (NDDSs), which possess the
ability to protect the drug against degradation and control
its release, can be an effective step to remove such restric-
tions [3,7,8].

Solid lipid nanoparticles (SLNs) are excellent carri-
ers for loading hydrophobic compounds [9–11]. These
NPs consist of a lipid matrix core encircled by a layer, the
structure of which allows the hydrophobic compounds to
be loaded into the core of the NPs, with high efficiency
[12]. The non-toxicity and stability of SLNs represent
their main advantages compared to polymeric and lipid NPs
[13,14]. Drug loading in these NDDSs, while protecting
them against proteolytic degradation, also leads to a con-
trolled release and targeted drug delivery [15–17]. These
carriers are limited only by the lack of control over drug
release under systemic conditions [18] and their anionic
nature, which allows for its rapid detection and disposal
through the reticuloendothelial system (RES) [19]. Dec-
orating the surface of NPs with polymers, such as chitosan
(CS), can not only improve the control of drug release but
also changes the surface charge from negative to positive,
thereby increasing the concealing properties of these NPs
from the immune system, and extending the shelf life of the
drug [19,20].

Nanocarriers are able to deliver drugs to target cells
through inactive and active mechanisms. In cancer therapy,
the presence of blood vessel abnormalities allows nanome-
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ter carriers to enter the tumor growth environment; the
dysfunction of the lymphatic system causes insufficient
drainage and allows the drug to accumulate in the tumor
growth microenvironment. This increases the effectiveness
of the treatment owing to the effect of enhanced permeation
and retention (EPR) [18,21]. Active drug delivery is possi-
ble through the interaction between ligands that are attached
to nanocarriers and receptors on the surface of target cells
(with high expression) [22,23]. Using the EPR effect, this
approach increases drug internalization through receptor-
mediated uptake and increases drug delivery to cancer cells
[24,25]. High expression of folic acid (FA) receptors on the
surface of malignant cells, compared to normal cells, has
made this ligand a suitable candidate for surface modifica-
tion of NPs and the specific targeting of cancer cells. The
high tendency of this ligand to bind to nanocarriers, its non-
toxicity, and its non-immunogenicity are other advantages
of FA, compared to other ligands [22].

The current study aimed to develop an optimal and tar-
geted formulation for the transfer of AC to breast cancer
cells. Thus, SLN was used for loading, and then, NP sur-
faceswere decoratedwith CS attached to FA.After studying
the physicochemical properties, the antioxidant effects and
toxicity of AC-SLN-CS-FA on cancer cells were evaluated,
and the inhibition mechanism of the NPs was investigated
based on the apoptosis process.

2. Materials and Methods
2.1 Materials

Human foreskin fibroblast (HFF) and MCF-7 breast
cancer cell lines were purchased from the cell bank
at the Research Institute of Biotechnology, Ferdowsi
University of Mashhad, Mashhad, Iran. To ensure the
authenticity of the cells, DNA profiling of short tandem
repeats (STRs) was utilized and regular screening for
mycoplasma contamination was conducted. Stearic
acid, CS (LMW), non-ionic surfactant (Tween 80),
lecithin, N-hydroxysuccinimide (NHS), ethanol (EtOH),
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
potassium persulfate (PPS), dimethylsulfoxide (DMSO),
2,2-Diphenyl-1-picrylhydrazyl (DPPH), and 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were
obtained from Merck (Darmstadt, Germany). AC, propid-
ium iodide (PI), acridine orange (AO), phosphate-buffered
saline (PBS), and 2,5-diphenyl-2H-tetrazolium bromide
(MTT) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). FBS was bought from Gibco (Franklin Lakes,
NJ, USA). Cell culture medium, antibiotics, and trypsin
EDTA were obtained from Invitrogen (Carlsbad, CA,
USA).

2.2 Synthesis of AC-SLN
SLN, in which the AC was passively loaded, was pre-

pared using homogenization and ultrasonication. Stearic
acid was used as a lipid component, and Tween 80 and

lecithin were used as surfactants and co-surfactants. To pre-
pare the lipid phase, 10 mg of AC, dispersed in distilled
water, was added to the mixture containing stearic acid and
lecithin, and the temperature of the mixture was raised to 85
°C. The aqueous phase was prepared by mixing water and
Tween 80. After the isothermalization of lipid and aque-
ous phases (at 85 °C), the aqueous phase was added to the
lipid phase, and the mixture was homogenized using a high-
pressure homogenizer (HPH) at 85 °C for 5 minutes. After
24 h of storage at room temperature, the final mixture was
centrifuged using a high-speed centrifuge and the collected
supernatant was used for HPLC analysis and to evaluate the
amount of free AC. The HPLC system (Alliance 2695, Wa-
ters, Milford, MA, USA) was equipped with a UV detector
and consisted of C18 as a stationary phase. The columnwas
operated in isocratic mode (50:50 MeOH: H2O) at a flow
rate of 0.5 mL/min. The UV detector was set at 254 nm for
the measurement of AC.

2.3 Surface Modification of AC-SLNs with CS-FA
To modify the surface of AC-SLN, a CS coating at-

tached to FA was used. For this purpose, CS attached to FA
was first prepared, and then, added to the mixture contain-
ing the NPs. To prepare CS-FA, FA powder was dissolved
in DMSO, and EDC and NHS were added to it. After incu-
bating for 1 h, the resulting mixture was filtered. To con-
nect CS to FA, CS powder was dissolved in 1% acetic acid,
and after ensuring its dissolution, the resulting mixture was
added to the FA-NHS mixture and incubated for 24 h on a
magnetic stirrer. Next, by adjusting the pH to 9, a CS pre-
cipitate of FA was formed, which was dialyzed, and then,
lyophilized to remove free FA. To decorate the NP surfaces,
CS-FA powder was dissolved in 1% acetic acid and added
to SLNs dissolved in distilled water (DW). The final mix-
ture was mixed for 2 h under continuous stirring and after
centrifugation, was lyophilized. The supernatant was used
for HPLC analysis and to determine the percentage of FA
binding to the surface of the NPs.

2.4 AC-SLN-CS-FA Characterization
Average size and surface charge along with the dis-

persion distribution of AC-SLN-CS-FA were evaluated by
DLS. Firstly, a suspension containing AC-SLN-CS-FA dis-
solved in DW (1:100) was prepared. Then, after ensuring
that the NPs were dispersed, the resulting suspension was
analyzed under a scattering angle of 170 degrees at a tem-
perature of 25 °C. FESEM was used to examine the mor-
phology of the samples. For this purpose, NPs were dis-
persed in DW and sonicated. Next, a drop of the result-
ing solution was sprinkled on aluminum foil and left to dry.
After the solvent had dried, the surface of the sample was
coated with gold and subjected to microscopic examination.
The samples for FTIR were prepared by compressing NPs
with potassium bromide (KBr) into pellets, which were an-
alyzed in the FTIR device.

2

https://www.imrpress.com


2.5 Assessment of FA Binding and AC Entrapment
Efficiency

Spectrophotometer absorption was used to evaluate
the AC encapsulation and FA binding percentages. For this
purpose, the amount of free substance was measured and
subtracted from the total substance. The remainder was en-
tered into the reaction and the amount of trapped substance
was observed. This method is called the indirect method.
A serial concentration of AC was prepared, and then, the
absorption of each sample was measured and the related
standard graph was drawn. Next, the absorbance of the
supernatant (Section 2.2) was measured at the same wave-
length. By inserting it into the formula obtained from the
standard curve, the amount of free AC in the supernatant
was obtained, and finally, the percentage of encapsulation
efficiency (EE%) of the substance was calculated using the
formula below:

EE (%) = (total amount of drug – the amount of free
drug)/total amount of drug × (100).

The same method was used to evaluate the level of
FA binding. Standard curves related to different FA con-
centrations were drawn, and the amount of FA binding was
obtained by placing the amount of absorption obtained from
the supernatant in Section 2.3 and replacing the numbers in
the above formula.

2.6 AC Release
Dialysis method and absorption spectrophotometry

were used to evaluate drug release within 5 days. Firstly,
the free AC and NPs were dispersed in the phosphate buffer
and poured into the dialysis bag, which had already been
activated. The lid of the bag was closed, and the bag was
suspended in the phosphate buffer at 37 °C and 100 rpm.
At certain time intervals, 1 mL of the phosphate buffer was
removed from around the bag to check the amount of re-
leased substance, and 1 mL of fresh buffer was re-added to
the beaker. Then, the collected samples were analyzed by
spectrophotometry. The drug release graphs were drawn in
Microsoft Excel.

2.7 ABTS and DPPH Scavenging Activity of AC-CFS-NPs
Firstly, ABTS and DPPH free radicals were prepared.

To prepare the ABTS free radicals, a solution containing
distilled water, PPS, and ABTSwas prepared and incubated
in the dark for 24 hours. Then, the solution was diluted
with DW until it reached an absorbance of 0.7 at a wave-
length of 734 nm. DPPH free radicals were prepared using
96% EtOH, in which DPPH powder was dissolved. Next,
different concentrations of NPs were prepared and equal
volumes of the desired free radical were added. Then, the
samples containing ABTS free radicals were incubated for
one hour in the dark at room temperature, after which, their
absorbance was recorded at a wavelength of 734 nm. The
samples containing DPPH free radicals were incubated for
30 minutes in the incubator and analyzed at a wavelength
of 517 nm.

2.8 Cytotoxic Assay
To conduct the cytotoxic assay, cells were seeded in

96-well plates for 24 h, after which, they were treated
with different doses of AC-SLN-CS-FA for 48 h. Next,
the medium containing AC-SLN-CS-FA was drained from
each well, and 20 µL of MTT solution was added. After
4 h, the required time for the reaction to be completed, the
plates containing the cells were removed from the incuba-
tor, and the MTTmedium was drained. The formazan crys-
tals, formed by theMTT reaction with living cells, were dis-
solved by adding DMSO (100 µL) to each well. Then, the
absorbance of the samples was measured at a wavelength
of 570 nm. By replacing the numbers in the formula below,
the cell viability following the treatment with the NPs was
calculated and compared to the untreated cells.

Viability of cells (%) = OD sample/OD control × (100).

2.9 AO/PI Double Staining Assay
For staining, cells were first cultured in 6-well plates,

and then, treated with different concentrations of AC-CFS-
NPs. After the treatment period, the treatment medium was
drained and 1 mL of PBS containing AO (1 µL; 1 mg/mL)
and PI (1 µL; 1 mg/mL) dye was added to each well. Fi-
nally, images of the cells were taken using a fluorescent
inverted microscope.

2.10 Flow Cytometry
Firstly, the cells were transferred to a 6-well plate. Af-

ter incubating for 24 h, the cells were subjected to differ-
ent concentrations of AC-SLN-CS-FA for 48 h. Afterward,
the medium containing the treatment was drained, the cells
were washed with PBS, and trypsin was added to each well.
After ensuring that the cells were separated, the cell suspen-
sionwas transferred to separatemicrotubes and centrifuged.
After the supernatant was removed, 300 microliters of PI
dye were added to the cell sediment and analyzed by flow
cytometry (Becton Dickinson, Maryland, MD, USA) after
15 min of incubation.

2.11 Real-Time qPCR Analysis
The effects of AC-SLN-CS-FA treatment on expres-

sion levels of apoptotic genes BAX, Bcl-2, and caspase-8
were evaluated. Table 1 shows the primer list. Cells were
treated (1× 106) with various doses of AC-SLN-CS-FA for
48 h. Next, the cells were separated from the bottom of the
flask, and the total RNA was isolated using the Biotech kit.
The amount of RNAwas assessed by the nanodrop method,
and then, cDNA was synthesized using the RNA strand.
The reaction mixture was prepared to contain cDNA with
water, SYBR green, and special primers, in a volume of 20
microliters, and analyzed using the following temperature–
time conditions in the Bio-Rad device: the holding step in-
cluded 95 °C, 15 min for 1 cycle; the annealing step in-
cluded 95 °C, 15 s, 58.5 °C, 20 s, and 39 cycles; the exten-
sion step included 72 °C, 20 s, and 39 cycles; and the melt-
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Table 1. List of primers used for real-time PCR.
Gene Forward Reverse Amplicon length (bp) Genebank No.

GAPDH TGCTGGTGCTGAGTATGTCG GCATGTCAGATCCACAACGG 131 NM_002046
Caspase-8 GAAAAGCAAACCTCGGGGATAC CCAAGTGTGTTCCATTCCTGTC 113 NM_033355.4
BAX TTTGCTTCAGGGTTTCATCCA CTCCATGTTACTGTCCAGTTCGT 151 NM_138764.5
Bcl-2 CATGTGTGTGGAGAGCGTCAAC CAGATAGGCACCCAGGGTGAT 241 NM_000633.3

ing step included 65–95 °C for 1 cycle. The delta–delta Ct
(∆∆Ct) method was used to evaluate the relative changes
in gene expression. GAPDH was used as a reference gene.

2.12 Statistical Analysis

Data were analyzed by one-way ANOVA using the
GraphPad Prism software (version 8) (GraphPad Software,
Inc., San Diego, CA, USA). Variance was analyzed and
means were compared using the LSD method. A signifi-
cance level of p< 0.05 was used to determine the statistical
significance of the results.

3. Results
3.1 Characterization of AC-SLN-CS-FA

Fig. 1A and B show acceptable physicochemical prop-
erties for AC-SLN-CS-FA. As indicated, NPs had a Z-
average of 245.7 ± 10.7 nm with an average diameter of
86.7 ± 9.4 nm, reposted by number. The NPs had a uni-
form size distribution with a PDI of 0.31. The small size
of the particles along with the dispersion index of less than
0.5 indicated their stability and lower tendency to accumu-
late [26,27]. The zeta potential of the NPs was +21.3 ±
7.9 mV. The surface charge of the nanoparticles can also
provide information on the stability of particles, consider-
ing that a higher surface charge of ± 20 mV in lipid NPs
was sufficient to prevent the agglomeration of the particles
[28,29]. Thus, it can be said that the synthesized NPs have
ideal stability. In addition to the size, distribution, and sur-
face charge of the NPs, their morphology also affected some
of their characteristics, such as EE%, ligand-receptor bind-
ing ability, and cellular absorption [30,31]. Microscopic
images (Fig. 1C) show spherical NPs with smooth surfaces.
The prepared images also show NPs with dimensions be-
low 100 nm, which are comparable to the DLS results. In
Fig. 1D, the characteristic peaks of SLN-NPs are shown
as strong peaks at 2862.7, 2919.6, and 1466 cm−1, corre-
sponding to O-H, C-H, and C=C bonds, respectively [32].
The peak present at 1723 cm−1 is related to C=O bonds,
which indicates the formation of CS-FA and confirms the
successful surface modification of NPs with CS.

3.2 FA Binding and AC Entrapment Efficiency
According to the formula obtained from the standard

curve for AC (y = 0.3631x + 0.0763, R2: 0.99) and FA (y =
0.8361x + 0.2414, R2: 0.97), and by replacing the absorp-
tion of the supernatant in these formulations, the amounts
of AC and free FA were calculated. Next, the EE of AC

was reported to be 86.3%, and the amount of bound FA was
63%.

3.3 AC Release
Fig. 2 shows the drug release profile. The release of

free AC from the dialysis tubing reached 100% during the
first 24 h of the study. The result exhibited 70.5% cumula-
tive drug release after 5 days. This graph shows more drug
release during the first 24 h because of the release of drug
molecules located on the surface of the NPs [22]. The slow
release of the drug after the initial burst release indicates
the entrapment of the drug throughout the nanocarrier and
the effectiveness of the formulation in the continuous and
controlled release of the drug.

3.4 Free Radical Scavenging Capacity of AC-SLN-CS-FA
Investigation of ABTS and DPPH free radicals inhi-

bition rates in the presence of AC-SLN-CS-FA by spec-
trophotometer absorption method at 734 and 517 nm wave-
lengths revealed the high inhibitory effects of AC-SLN-
CS-FA on DPPH free radicals. As shown in the graph
(Fig. 3), NPs are capable of inhibiting both free radicals in
a concentration-dependent manner. Increasing the concen-
tration of the NPs to about 250 µg/mL caused more than an
80% inhibition of both free radicals; however, in low con-
centrations, a greater inhibition of DPPH free radicals was
observed. These results show the antioxidant power of NPs
in inhibiting free radicals and preventing damage by oxida-
tive stress.

3.5 Cytotoxic Capacity of AC-SLN-CS-FA
Since theMTT reaction utilizes the succinate dehydro-

genase enzyme of living cells and the production of purple
formazan crystals, it was used to evaluate the percentage of
cell viability in the presence of AC-SLN-CS-FA. The cyto-
toxicity effects of free AC were evaluated against normal
HFF and MCF-7 cancer cells, and no toxicity was observed
in the free AC data compared to the HFF cells. However,
significant cytotoxicity was observed in the effects of free
AC against MCF-7 cells (p < 0.01 and p < 0.001, respec-
tively). The results shown in Fig. 4A–D reveal the higher
inhibitory effect that AC-SLN-CS-FA had against MCF-7
cells compared to normal cells. Additionally, AC-SLN-CS-
FA exhibited no detectable toxicity effect on HFF cells at
any of the investigated concentrations, whereas, AC-SLN-
CS-FA had an inhibitory IC50 of ~20 µg/mL in the MCF-7
cells. These results show the selective toxicity of AC-SLN-
CS-FA onmalignant cells and its safe application on normal
cells.
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Fig. 1. Characterization of AC-SLN-CS-FA. (A) Results for size. (B) Results for zeta-potential of AC-SLN-CS-FA. (C) FESEM image
of AC-SLN-CS-FA; and (D) FTIR spectrum of AC-SLN-CS-FA. PDI, polydispersity index.

Fig. 2. Release Study. Release of free AC from dialysis tubing
and AC from AC-SLN-CS-FA. Data were presented as mean ±
SD.

3.6 Fluorescence Staining Assay

Fluorescent dyes were used to examine the cell mor-
phologies and their changes during treatment. AO dye can
penetrate living cells, and after penetration, it causes a green
color to be emitted, while PI penetrates damaged cells and
causes a red color to be emitted. Fig. 4 shows the mor-

Fig. 3. Percentage inhibition of ABTS and DPPH free rad-
icals in the presence of AC-SLN-CS-FA. Data were presented
as mean ± SD. (n = 3, *** p < 0.001). DPPH, 2,2-diphenyl-
1-picrylhydrazyl; ABTS2, 2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid).

phological images of the stained cells. As can be seen, all
the cells in the untreated group are green and have a nor-
mal morphology; in the treated groups, however, the num-
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Fig. 4. Cytotoxicity study. MTT results: (A) Cytotoxicity effects of AC against HFF cells; (B) cytotoxicity effects of AC against MCF-7
cells; (C) cytotoxicity effects of AC-SLN-CS-FA against HFF cells; (D) cytotoxicity effects of AC-SLB-CS-FA against MCF-7 cells.
Data were presented as mean ± SD. (n = 3, ** p < 0.01 and *** p < 0.001).

ber of cells emitting an orange color gradually increases as
the treatment concentration increases, thereby indicating an
increase in the presence of apoptotic cells. Furthermore,
the morphological change of the cells to a spherical state is
a characteristic of apoptotic cells, and can be observed in
Fig. 5. The staining results exhibit that apoptosis increases
in accordance with the increasing treatment concentrations.

3.7 Flow Cytometry Results

Fig. 6 shows that 4.15%, 65%, 9.17%, and 15.8% of
the cells in the control group are in the sub-G1, G1, S, and
G2–M phases, respectively. However, in the AC-SLN-CS-
FA-treated cells, a decrease is observed in the percentage of
cells in all phases of the cell cycle, except the sub-G1 phase,
which shows the effect of AC-SLN-CS-FA on increasing
the percentage of cells in this phase. Since sub-G1 phase
cells are known to be apoptotic cells, these findings show
the effect of AC-SLN-CS-FA on the induction of apoptosis
in treated cells. No arrest was observed in any cell cycle
stages other than sub-G1 in the treated cells.

3.8 Analysis of Apoptosis-Related Genes

The results of the RNA analysis showed a change in
BAX and Bcl-2 gene expressions, leading to the activation

of the internal apoptotic pathway. Upregulation of the BAX
gene and downregulation of Bcl-2 represents the activation
and suppression of pro- and antiapoptotic genes, respec-
tively, thereby indicating the induction of apoptosis in the
treated cells. The extrinsic apoptotic pathway was investi-
gated by analyzing caspase 8 gene expression levels. The
caspase 8 expression levels showed no significant change
compared to the control, which indicates the inactivity of
the external pathway and the occurrence of apoptosis from
the internal pathway (Fig. 7).

4. Discussion
The use of drug delivery systems based on lipids, pro-

teins, polymers, etc., decorated with different ligands for
passive and active targeting, has made it possible to further
internalize drugs to target cells, while increasing the solu-
bility, stability, and bioavailability of the drug and reducing
the treatment side effects [33].

In this study, SLNs were used to encapsulate AC,
a hydrophobic compound with pharmacological properties
whose therapeutic effects on a wide range of diseases, in-
cluding inflammatory diseases, diabetes, cancer, and de-
generative diseases, have been reported in various stud-
ies. The loading of this compound into SLNs, while in-
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Fig. 5. AO/PI double-staining. The increase in red-color-emitting cells during the increase in treatment concentrations indicates the
proapoptotic effects of AC-SLN-CS-FA on MCF-7 cells.

creasing its stability, prevents it from being trapped by pro-
teins and fatty acids in cell membranes and facilitates its
improved delivery to target cells. In the prepared formu-
lation, stearic acid was used as a physiological lipid with
no toxicity and the possibility of encapsulating hydropho-
bic compounds with high efficiency. Part of the stability
of this formulation can be attributed to the presence of the
Tween 80 surfactant and the lecithin co-surfactant since the
type of surfactant and its amount in the formulation signifi-
cantly impact the stability, physicochemical properties, and
biological properties of the NPs. In addition to the type
and concentration of formulation components, the prepa-
ration techniques and temperatures also affect the quality
and physicochemical properties of the NPs, including drug
loading and particle size [34–36]. In this study, similar to
other studies, the hot homogenization and probe-sonication
technique was used to prepare the formulation [18,37]. In
addition to this method, other studies have used methods
such as solvent evaporation [16], homogenization, and ul-
trasound [18,37] to prepare different formulations with dif-
ferent properties.

In preparing SLNs, part of the drug is loaded on the
surface or intermediate phase of the NPs, which causes the
explosive release of the drug under systemic conditions and
is known as a limitation for the use of SLNs. Conversely,
SLNs have a hydrophobic nature and a negative surface
charge. These properties provide the possibility for them
to be detected by the RES and cause their rapid removal
by opsonin proteins [38]. NP surface modification can play
an important role in overcoming these limitations. Coating
NPs with cationic polymers, such as CS, while changing the
charge of the nanoparticles from negative to positive, can
control the release of the drug under systemic conditions
and increase the stability and effectiveness of the drug. Mu-
cosal adhesion and increased CS permeability [39] make it
a suitable adjuvant in nanoformulations. CS mucosal ad-
hesion is associated with a positive surface charge of the
macromolecule, which in turn is affected by the protona-
tion of the amino group at different pHs [40]. Therefore,
in CS-based systems, due to pH sensitivity, they provide
the possibility of purposefully delivering the drug to any
area of the body [41]. In the current study, CS coating was
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Fig. 6. The flow cytometry diagram shows the cells arresting in the sub-G1 phase after treatment with AC-CFS-NPs.

used for targeted drug delivery, and FA ligand binding was
also used at the NP surface. The physicochemical proper-
ties (Fig. 1) of the NPs showed colloidal dispersions with
an average diameter of 86 nm, acceptable stability (+21.34
mV), and uniform distribution (PDI: 0.31). In a 2017 study,
CS-coated SLNs containing cinnamon/oregano with a size
of 254.77 nm, a surface charge of 15.26 mV, and a disper-
sion index of 0.28 were synthesized, which is comparable
to the physicochemical properties used in the present study
[19]. In another study, SLNs decorated with CS-FA were
used to transfer trans-resveratrol-ferulic acid to colon can-
cer cells [22]. These NPs, similar to the present study, had
nanometer dimensions (174 nm) with uniform dispersion
(0.16), while the surface charge of the nanoparticles was
reported despite the CS +25 mV coating [22].

The encapsulation efficiency of the drug in SLNs is

related to the crystalline state of the formulation and the
composition of its lipid matrix. In the present study, this
index was reported to be 83% for AC, which is compara-
ble to previous studies [42–44]. Successful encapsulation
of AC in SLNs can be related to the hydrophobic nature
of AC and its high binding energy to the lipid matrix of
SLNs [45]. The most valuable indicators of a drug delivery
system are the drug loading percentage and the controlled
release in the body. The amount of drug loading depends
on various factors, including the materials used in the for-
mulation, the type of drug, and its nature [26]. The present
study has reported the drug release index as burst propaga-
tion followed by slow release (Fig. 2). This burst release
can be attributed to the presence of unencapsulated drug
molecules at the SLN level or in the peripheral dispersion of
the formulation [22]. The prolonged release of the AC from
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Fig. 7. Real-time qPCR analysis. Molecular analysis showed an increase in (A) BAX gene expression and a decrease in (B) Bcl-2
expression along with no change in (C) caspase 8 expression using the delta–delta Ct (∆∆Ct) method (mean ± SD, n = 3, * p < 0.05,
** p < 0.01, and *** p < 0.001; 0, 15, 20, and 25 are the concentrations of AC-SLN-CS-FA in µg/mL).

AC-SLN-CS-FA compared to free AC indicated the entrap-
ment of AC in all parts of the formulation. The AC release
index generally showed a slow and long-term release, and
this pattern can reduce the need for high doses of drug by
maintaining the drug concentration for a long time [46].

In this study, the anticancer effects of the nanoparti-
cles were evaluated based on different cellular and molec-
ular mechanisms. The antioxidant power of NPs plays an
effective role in preventing malignancy and its progression
in the body. Examination of the ability of AC-SLN-CS-FA
to inhibit ABTS (165.72 µg/mL) and DPPH (36.05 µg/mL)
free radicals revealed the anticancer effects of this com-
pound in preventing the accumulation of free radicals and
the damage caused by them. The antioxidant power and
role of AC in inhibiting free radicals have been reported in
previous literature. The results of these studies report the
role of AC in reducing oxidative stress and its damage. In
addition, inhibition of superoxide, hydroxyl, and nitric ox-
ide (NO) free radicals by AC has been reported [47]. It is
essential to control redox status in order to preserve can-
cer cells after treatment [48]. As a result of the high basal
levels of reactive oxygen species (ROS), cancer cells are
more susceptible than normal cells to additional ROS in-
creases. However, by upregulating their antioxidant sys-
tems, chemoresistant cancer cells become highly adapted
to intrinsic oxidative stress or drug-induced oxidative stress
[49]. Decomposition of AC occurs rapidly, resulting in hy-
drogen sulfide being produced in the process. In the regu-
lation of blood pressure, hydrogen sulfide acts as a gaseous
signaling molecule. It also regulates smooth muscle relax-
ation, dilation of arteries, and lowering of blood pressure.
The downregulation of angiotensin II type 1 receptor and
the NF-E2-related factor-2 (NRF2)-inhibitor Keap1 have
been shown to facilitate the antioxidant of AC [47,50].

The safety of NPs on normal cells and their ability to

remove malignant cells is one of the most important fea-
tures that are examined in any formulation. The results of
this study showed the toxicity of NPs against breast cancer
cells with an average concentration of 21 µg/mL, while no
toxicity effect was observed on normal cells. The high in-
hibitory effect of NPs against cancer cells can be attributed
to the presence of CS and FA ligands on the surface of NPs.
Various studies have reported similar results in this area
[18,51,52].

One of the most important reasons for the malignancy
of cells is their proliferation and escape from apoptosis [53],
meaning the identification of molecules capable of induc-
ing apoptosis can play an effective role in inhibiting can-
cer cells. In this study, the role of AC-SLN-CS-FA in ac-
tivating the intrinsic pathway of apoptosis in breast cancer
cells was reported through increased BAX expression and
decreased BCL-2 expression. The lack of any significant
change in the expression of caspase 8, which is involved in
the activation of the extrinsic apoptotic pathway, may con-
firm the above results (Fig. 7). In previous literature, the
role of AC in activating the intrinsic pathway by increas-
ing the expression of caspases 3 and 9 has been reported
[54]. The current study reported a decreasing effect of AC
on STAT3 followed by decreased cell proliferation, angio-
genesis, and induction of apoptosis in treated cells [54].
Another study has reported proapoptotic effects of AC on
liver cancer cells through increases in the percentage of sub-
G1 phase cells as well as nucleation changes during DAPI
staining [55]. In the present study, the role of AC-SLN-CS-
FA on cell cycle arrest in the sub-G1 phase in MCF-7 can-
cer cells (Fig. 6) was confirmed, while the morphological
cell changes observed during fluorescent staining (Fig. 5)
confirmed the occurrence of apoptosis in cells treated with
AC-SCF-NPs. Activation of apoptosis signaling and inhi-
bition of cell proliferation resulting from the treatment of
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cells with SLNs loaded with various bioactive compounds
have been reported in many previous studies [56,57], which
are comparable to the present study. Differences in the acti-
vation of different mechanisms that inhibit cancer cells can
be attributed to differences in the physicochemical proper-
ties of the formulation and the effects of the loaded drug.

5. Conclusions
The results of the present study show the forma-

tion of monodispersed (0.3), stable NPs (+21.34 mV) with
nanometer dimensions (86.75 nm). The efficacy of the pre-
pared formulation is shown by the 86.3% AC loading and
63% FA binding along with a long-release profile. The abil-
ity of AC-SLN-CS-FA to inhibit free radicals and its in-
hibitory effect on cancer cells through the activation of the
intrinsic apoptosis pathway introduces this NP as an appro-
priate candidate for preclinical cancer investigations.
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