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ABSTRACT
Objective(s): Cancer remains a leading cause of mortality globally, necessitating novel and effective therapies. 
Nanotechnology, particularly poly (lactic-co-glycolic acid) (PLGA) nanoparticles, offers promising potential 
for safe and effective delivery of therapeutic agents due to their biocompatibility, biodegradability, and 
tunable release properties. This study aimed to synthesize PLGA nanoparticles loaded with auraptene (Aur-
PLGA-NPs) and evaluate their anti-cancer effects.
Materials and Methods: Aur-PLGA-NPs were synthesized and characterized using particle size analyzer, 
transmission electron microscopy (TEM), field emission scanning electron microscopy (FESEM), X-ray 
diffraction (XRD), and Fourier transform infrared (FTIR). Cytotoxic effects were assessed against HT-
29 colon cancer cells and human umbilical vein endothelial cells (HFF) as normal controls. Apoptotic 
mechanisms were investigated through 4,6-diamidino-2-phenylindole (DAPI) staining, flow cytometry, and 
gene expression analysis of caspase-3, caspase-9, and BAX.
Results: Spherical nanoparticles with an average size of 185 nm were successfully synthesized. Aur-PLGA-
NPs exhibited higher cytotoxicity against HT-29 cancer cells compared to HFF normal cells. Furthermore, 
Aur-PLGA-NPs significantly enhanced the expression of apoptotic genes caspase-3, caspase-9, and BAX in 
HT-29 cells.
Conclusion: The increased cytotoxicity of Aur-PLGA-NPs against cancer cells suggests their potential as 
anti-cancer agents. However, further studies are needed to evaluate their effects on other cancer cell lines and 
elucidate the underlying anti-cancer mechanisms.
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INTRODUCTION
Cancer continues to be a major global health 

concern. Every year, millions of people are 
diagnosed with cancer, and many of them die from 
the disease [1, 2]. Conventional cancer therapies, 
such as chemotherapy and radiation, are often 
associated with significant side effects and limited 
efficacy [3]. Therefore, there is a continuous 
search for novel therapeutic approaches with 
more effectiveness, less toxicity, and minimal 
adverse effects [4].

Nanoparticle-based drug delivery systems 

have emerged as a promising strategy for cancer 
treatment [5]. These systems offer numerous 
advantages, including enhanced drug stability, 
controlled release, improved bioavailability, and 
targeted delivery to tumor tissues [6-9]. Among 
various types of nanoparticles, poly (lactic-co-
glycolic acid) (PLGA) nanoparticles have gained 
significant attention due to their biocompatibility, 
biodegradability, and versatility in encapsulating a 
wide range of therapeutic agents [10, 11].

The use of natural products in the synthesis of 
nanoparticles offers various advantages, including 
reducing side effects in the treatment of various 
diseases such as cancer [12, 13]. Auraptene, a 
natural compound found in various citrus fruits, 
has attracted attention in recent years due to 
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its potential anticancer properties [14, 15]. 
Preclinical studies have shown that auraptene 
exhibits antiproliferative, proapoptotic, and anti-
metastatic effects on various cancer cell lines 
and tumor-bearing animal models. However, the 
clinical application of auraptene is hindered by its 
low solubility and poor bioavailability [16].

The encapsulation of auraptene into PLGA 
nanoparticles can provide an effective solution to 
overcome these limitations. The formulation of 
PLGA nanoparticles allows for the controlled release 
of auraptene, improving its bioavailability and 
enhancing its therapeutic efficacy. Furthermore, 
PLGA nanoparticles can be functionalized to target 
specific cancer cells or tissues, thereby increasing 
the selectivity of loaded drugs and minimizing 
their off-target delivery.

The use of PLGA nanoparticles as a drug 
delivery system offers several advantages in 
cancer treatment. First, the biocompatible and 
biodegradable nature of PLGA ensures its biosafety 
and rapid elimination from the body after drug 
release [17]. Second, the controlled release of 
auraptene from PLGA nanoparticles allows for 
sustained drug release at the target site, increasing 
its therapeutic efficacy. Third, the versatility of PLGA 
nanoparticles enables the incorporation of targeting 
ligands or surface modifications to improve their 
specificity and selectivity towards cancer cells [18]. 
Therefore, auraptene-loaded PLGA nanoparticles 
offer a promising approach for cancer treatment. 
Overall, nano-based drug delivery systems offer 
numerous advantages, including improved drug 
stability, controlled release, enhanced bioavailability, 
and targeted delivery [19-21]. 

The objective of this study was to synthesize 
PLGA nanoparticles and encapsulate them with 
auraptene. Our secondary aim was to evaluate 
the anti-cancer effects of auraptene-loaded PLGA 
nanoparticles (Aur-PLGA-NP) in-vitro against HT-
29 cancer cells. Finally, the potential mechanisms 
of the anti-cancer effects of Aur-PLGA-NPs were 
investigated. Auraptene encapsulation into PLGA 
nanoparticles is expected to improve its stability, 
solubility, and cellular uptake, leading to better 
therapeutic outcomes. The results of this study can 
contribute to the development of more effective 
and less toxic cancer treatment strategies, which 
ultimately can improve the outcomes of cancer 
patients.

MATERIALS AND METHODS
Materials

Propidium iodide (PI), 3,4,5-Dimethylthiazol-

2-yl-2,5-diphenyltetrazolium bromide (MTT), and 
fetal bovine serum (FBS) were procured from 
Sigma-Aldrich. The culture medium and penicillin-
streptomycin were purchased from Invitrogen. 
SYBR green and cDNA synthesis kits were from 
Qiagen. The HT-29 (colon cancer) and HFF cell lines 
were from the Bu-Ali Research Institute (Iran).

Synthesis of Aur-PLGA-NPs
The synthesis of Aur-PLGA-NPs was conducted 

using the single emulsion solvent evaporation 
method [22]. Initially, a solution of PLGA in 
dichloromethane (DCM) was prepared at a 
specified concentration. Auraptene was then 
dissolved in this organic phase. The organic phase 
containing PLGA and auraptene was slowly poured 
into an aqueous phase consisting of polyvinyl 
alcohol (PVA) at a concentration of 2% w/v, while 
stirring continuously at a rate of 600 rpm to ensure 
proper dispersion. The emulsion was homogenized 
using a high-pressure homogenizer at 10,000 psi 
for 10 cycles to achieve a fine and stable emulsion. 
Following homogenization, an additional 10 mL 
of 0.1% w/v PVA solution was introduced to the 
emulsion to facilitate the solvent evaporation 
process. The emulsion was then stirred at room 
temperature (approximately 25°C) for 120 min to 
allow the DCM to evaporate completely, leaving 
behind the PLGA nanoparticles encapsulating 
Aur. After the solvent evaporation step, the 
emulsion was centrifuged at 15,000 rpm for 30 
min at 4 °C to separate the nanoparticles from the 
aqueous phase. The resulting pellet, containing 
the hybrid nano-formulation, was washed with 
distilled water to remove any residual PVA and 
unencapsulated Aur. The washed nanoparticles 
were then lyophilized using a freeze-dryer for 48 
hr to obtain a dry powder of Aur-PLGA-NPs.

Characterization of Aur-PLGA-NPs
The techniques used for analyzing the 

specifications of Au-PLGA-NPs included Fourier 
Transform Infrared Spectroscopy (FTIR), 
transmission electron microscopy (TEM), dynamic 
light scattering (DLS), and Zeta potential analysis. In 
the range of 4000–400 cm−1, the chemical groups 
of the hybrid system were screened using Fourier 
Transform Infrared (FTIR) spectroscopy. The PDI 
and size of Au-PLGA-NPs (mean diameter) were 
assessed by the DLS technique (Nano-ZS, Malvern, 
UK). The stability of the NPs was estimated based 
on Zeta potential assessment (Nano-ZS, Malvern, 
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UK). Finally, the morphology of the NPs was 
observed by TEM (JEOL, Tokyo, Japan). 

Encapsulation efficiency and loading capacity 
To assess the encapsulation percentage 

of Aurapten in PLGA, initial concentrations of 
auraptene were prepared, and the absorbance of 
each concentration was recorded at a wavelength of 
320 nm using a UV-vis spectrophotometer (UV160-
Shimadzu, Japan), from which a standard curve was 
derived. Subsequently, 1 mL of the Aur-PLGA-NPs 
supernatant was measured at 320 nm to quantify 
the nanocarrier encapsulation. The encapsulation 
efficiency and loading capacity of Aurapten were 
determined using the following equations:

In-vitro drug release
To investigate the release kinetics of AUR 

from PLGA under physiological conditions, 5 mg 
of AUR-PLGA-NPs were dissolved in 5 mL of PBS 
at pH 7.4, sealed in a dialysis bag (MWCO = 3.5 
kDa), and then dialyzed against 30 mL of PBS. 
For comparison, a control dialysis bag contained 
an equivalent concentration of free auraptene 
solution. The dialysis bags were subjected to 
magnetic stirring at 37 °C to simulate physiological 
conditions. At various time intervals, 500 μL of 
the solution was extracted from each bag and 
replaced with an equal volume of fresh PBS. The 
concentrations of aurapten in the samples were 
determined using UV-visible spectroscopy at a 
wavelength of 320 nm.

Cell culture and cytotoxicity analysis
Both cell lines (HT-29 and HFF) were 

grown in Roswell Park Memorial Institute  
(RPMI) 1640 medium containing FBS (10%) and 
antibiotics (penicillin-streptomycin, 1%). The basic 
culture medium was RPMI. The cells were seeded 
in 96-well plates for cytotoxicity analysis using 
the MTT reagent. For this purpose, the different 
concentrations (125, 250, and 500 µg/mL) of Aur-
PLGA-NPs were used to treat the cell lines for 24 
and 48 hr. The MTT reagent was added to the cells 
after the elimination of the culture medium. The 
experiment was continued by adding dimethyl 
sulfoxide (DMSO) (100 µL) reading absorbance 
(570 nm) to calculate cellular viability as follows: 

Cell viability %= (sample absorbance/control 
absorbance) × 100

DAPI staining for apoptosis evaluation 
Cancer cells were initially grown for 24 hr in 

RPMI (10% FBS and 1% antibiotic supplemented) 
in 6-well plates. Treatment with Aur-PLGA-NPs 
was conducted at the doses of 125, 250, and 
500 µg/mL. After incubation and removal of the 
supernatant, the cells were fixed with methanol (1 
mL, 70% v/v). Then, the cells were washed using 
PBS before the addition of the DAPI reagent. The 
cells were exposed to this dye for 15 min at 25. 

Finally, the appearance of nuclei was assessed 
via fluorescent microscopy (Olympus DP27, Tokyo, 
Japan).  

Apoptosis analysis by flow cytometry 
After seeding and exposing HT-29 cancer cells 

to 125, 250, and 500 µg/mL of Aur-PLGA-NPs, they 
were subjected to Annexin V-FITC staining and 
evaluated by flow cytometry. For this purpose, we 
purchased a specialized kit from Abcam (ab14085). 
The cells exposed to the NPs were precipitated by 
centrifugation, and after eliminating the top layer 
containing culture media, the Binding Buffer 1X 
(0.5 mL) was added to the pellet. Finally, 5 µL of 
each of annexin V and propidium iodide (PI) was 
added to the cell suspension. After incubation for 
five minutes at dark, the percentage of necrotic and 
apoptotic cells were determined by flow cytometry. 

Apoptotic genes’ expression 
The cancerous cells exposed to Aur-PLGA-NPs 

for 48 hr at the doses of 125, 250, and 500 µg/
mL were harvested for RNA extraction (Rx BON 
kit) and subsequent gene expression assessment. 
Cellular RNA was extracted by initially degrading 
cell membranes (1 µL of lysis buffer), followed 
by chloroform addition (250 µL), 25incubation 
(15 min), and cold centrifugation (12,000 rpm, 
4 °C, 15 min). At this step, the supernatant was 
collected and mixed with cold propanol (600-800 
µL). After remaining at -20 °C for 24 hr, the cell 
suspensions were centrifuged (12,000 rpm, 4 °C, 
45 min). Finally, 1000 µL of cold ethanol (70%) was 
added to the pellet, followed by centrifugation 
at 4 °C (12,000 rpm, 20 min). The final pellet was 
allowed to be dried at room condition, and RNA 
was dissolved in RNase-free distilled water at the 
final volume of 20 µL before being frozen at -80 
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°C. The purity and quantity of the extracted RNA 
were assessed by a Nano-Drop device. Using the 
Epoch device, 1 µL of RNA extracted was used 
for complementary DNA production using a Pars 
Tous kit (Iran) providing the reverse transcriptase 
enzyme. The manufacturer-provided buffer (10 µL) 
and transcriptase enzyme (2 µL) were mixed with 
deionized distilled water (8 µL). After 10 min of 
rotating on a vortex at 25 °C, the reaction mixture 
was transferred to 47 °C and incubated for 1 hr. The 
final phase of the reaction included incubation at 
85 °C for 5 min. The cDNA generated was stored at 
-20 °C until being utilized in PCR for gene expression 
quantification. SYBR Green (10 µL), primers (1 µL 
of each of forward and reverse), distilled water 
(7 µL), and cDNA (1 µL) constituted PCR reaction 
components. Amplification was accomplished by 
the following thermal program: a single primary 
step at 95 °C for 15 min and 39 cycles of 95°C (15 
sec), 59 °C (20 sec), and 72 °C (20 sec). 

Statistical analysis
Data analysis was performed using descriptive 

statistics to calculate the mean and standard 
deviation (SD) for each group. Graphs were 
generated to visually represent the data, and 
statistical significance was determined using 
one-way analysis of variance (ANOVA) tests. 

All statistical procedures were conducted using 
SPSS software (version 20, IBM Corp., Armonk, 
NY, USA). Additionally, for the MTT assays, flow 
cytometry analysis, and other biological assays, 
the data were analyzed using GraphPad Prism 
software (San Diego, CA, USA). A P value less than 
0.05 was considered statistically significant.

RESULTS AND DISCUSSIONS
Characterization of Au-PLGA-NPs

The synthesis of PLGA NPs containing auraptene 
holds significant potential for the development of 
novel anti-cancer therapies. Auraptene is a natural 
compound derived from citrus fruits, and it has 
shown promising anti-cancer properties in various 
studies [23]. The encapsulation of auraptene 
into the PLGA NPs offers several advantages, 
including the enhanced stability, controlled 
release, and improved cellular uptake of the drug. 
In this study, we successfully synthesized PLGA 
nanoparticles loaded with auraptene (Aur-PLGA-
NP). The successful synthesis of Aur-PLGA-NP was 
confirmed by various characterization techniques, 
including DLS (for size and zeta potential analysis), 
TEM (for morphology examination), and FTIR (for 
chemical characterization). The average size of 
Aur-PLGA-NPs was 185.79 nm (Fig. 1). 

Fig. 1. A. DLS plot of Aur-PLGA-NPs. The average size of the particles was 185.79 nm, and PDI was equal to 0.2130. B) Zeta potential 
of Aur-PLGA-NPs. The zeta potential was obtained as -20 mV. The results confirmed the suitable formation of Aur-PLGA-NPs. C) FTIR 

spectrum of Aur. D) FTIR spectrum of PLGA-NPs. E) FTIR spectrum of Aur-PLGA-NPs.
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As an index for size uniformity, PDI of the 
nanoparticles was calculated ( PDI=0.21). A lower 
PDI generally indicates more homogeneity in shape 
and higher stability of NPs during storage. Regarding 
the relatively low PDI value of Aur-PLGA-NPs, we 
can conclude that these particles had acceptable 
morphological uniformity. The numerical range 
of PDI varies from 0 (indicating monodisperse 
particles) to 1 (reflecting polydisperse particles) 
[24]. In another study, nanoemulsions with low PDI 
showed acceptable size uniformity and prolonged 
stability during storage [25]. Likewise, lower PDIs 
and smaller particle sizes were noted to predict 
better brownian movements and diffusional 
patterns and lower sedimentation and creaming 
in nanoemulsions [26]. 

Zeta potential is one of the important factors to 
evaluate the stability of colloids [27, 28]. The Zeta 
potential of Aur-PLGA-NPs was recorded as -18.21 
mV, confirming the stability of the hybrid system 
(Fig. 1b). The repulsion force between particles is 
somehow determined by their surface similarly 
charged molecules, a feature that is reflected by 
Zeta potential. Through facilitating inter-molecule 
and inter-particle interactions via surface charged 
molecules, Zeta potential has been noted to be 
important for the stability of nanoemulsions. 
Generally, kinetically stable nanoformulations 
possess a Zeta potential around ±30 mV. In a 
study, Zeta potential of -9.42 mV was reported to 
represent nanoemulsions with stable electrostatic 
behaviors [29]. In fact, the presence of similarly 
changed groups on the surface of nanoemulsions 
could prevent them from forming aggregates 
during storage [30] 

The FTIR spectrum of Aur exhibited 

characteristic absorption bands at approximately 
1729 cm⁻¹, which corresponds to the C=O 
stretching of the carbonyl group. Peaks observed 
around 1600-1620 cm⁻¹ were attributed to C=C 
stretching, indicating the presence of conjugated 
double bonds in the aromatic ring structure. 
Additional peaks were observed at 12350 cm⁻¹ 
and 1022 cm⁻¹, which can be attributed to the 
C–O stretching and C–C stretching vibrations, 
respectively. These functional groups are crucial 
for the biological activity of Aur. The FTIR spectrum 
of PLGA nanoparticles showed a strong absorption 
band around 1730 cm⁻¹, indicative of the C=O 
stretching vibrations associated with the ester 
functional groups in the polymer backbone. A 
peak at 1170 cm⁻¹ was observed, corresponding to 
the C–O stretching vibrations, further confirming 
the polymeric nature of PLGA. The characteristic 
peaks of PLGA were consistent with the expected 
structure of the copolymer composed of lactic and 
glycolic acid units. The FTIR spectrum of Aur-PLGA-
NP showed that the 3422.56 cm-1 band was related 
to N-H bonds. Also, the 2943.88 cm-1 and 1731 cm-1 

bands in the spectrum were related to the phenyl 
ring (Fig. 1c). The FTIR spectrum confirmed the 
presence of auraptene within PLGA nanoparticles 
as evidenced by detecting characteristic peaks 
associated with both compounds. These analyses 
confirmed the formation of nanoparticles with a 
uniform size distribution suitable for drug delivery 
applications.

Examining the results of TEM and FESEM 
demonestrated that Aur-PLGA-NPs had a 
quasi-spherical appearance (Fig. 2A &B). The 
encapsulation efficiency and loading capacity of 
Aur-PLGA-NPs were 82.7%   and 16.4%, respectively.

Fig. 2. TEM image (A) and FESEM image (B) of Aur-PLGA-NPs revealed that the particles were morphologically quasi-spherical
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In-vitro drug release profile of AUR-PLGA-NPs
The results demonstrated a sustained release 

of Aur from the PLGA nanoparticles compared 
to the free auraptene solution (Fig. 3). The slope 
of the release profile for the encapsulated Aur-
PLGA-NPs was shallower compared to that of the 
free Aur solution, indicating a slower and more 
controlled release from the nanostructure. This 
slower release rate suggests that Aur is being 
released gradually from the PLGA nanoparticles 
and diffusing out of the dialysis membrane at 
a reduced rate compared to the free drug. The 
cumulative release profile indicated that the 

encapsulated Aur exhibited a slower and more 
controlled release over time. This slow release 
of Aur from the PLGA nanoparticles supports 
the hypothesis that encapsulation within the 
nanostructure can reduce the immediate toxicity 
of the substance by providing a more gradual 
release, which could potentially minimize adverse 
effects on normal cells in-vivo. This finding of 
controlled and sustained release from PLGA-based 
formulations aligns with the previous studies 
demonstrating the efficacy of PLGA as a delivery 
vehicle for various encapsulated agents [31-33].

Cytotoxicity of Aur-PLGA-NPs
Cell toxicity test by MTT method is one of the 

most is one of the most used techniques in the 
study of toxicology [34-36]. The anti-cancer effects 
of Aur-PLGA-NPs, as a crucial aspect of this study, 
were assessed in-vitro against a colon cancer 
cell line (HT-29). The nanoparticles exhibited a 
dose-dependent cytotoxic effect on the cancer 
cells, as demonstrated by the MTT assay. The IC50 
value of auraptene-loaded PLGA nanoparticles 
was significantly lower against cancerous cells 
compared to normal cells.

Fig. 4A shows the cytotoxicity pattern of Aur-

Fig. 3. In-vitro drug release profile of AUR-PLGA-NPs

Fig. 4. MTT cell toxicity assay. The Aur-PLGA-NPs at different doses were incubated with HT-29 cancer cells (24 and 48 hr) and showed 
concentration- and time-dependent cytotoxicity against these cells. The IC50 value was equal to 250 µg/mL. Different doses of Au-

PLGA-NPs were incubated with HFF normal cells (24 and 48 hr), showing cytotoxicity against these cells

S. Lefta bedan et al. / PLGA nanoparticles with auraptene for cancer therapy
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PLGA-NPs against HT29 cancer cells at 24 and 48 
hr after treatment. Examination of normal cells 
(i.e., HFF) indicated that the nanoparticles had 
low effect on the viability of these cells (Fig. 4B). 
However, Aur-PLGA-NPs had significant toxicity 
against cancer cells, reducing their viability in a 
concentration- and time-dependent manner. We 
also evaluated the cytotoxicity pattern of PLGA-
NPs and bare Aur against HT29 cancer cells at 24 
and 48 hr after treatment (Fig. 4C&D). The results 
indicated that Aur exhibits high toxicity on the 
examined cells, with viable cell counts dropping 
below 20% at concentrations of 250 µg/ml. For 
PLGA-NPs, a dose-dependent cytotoxic effect on 
the cancer cells was also observed; however, the 
observed toxicity was lower than that of both bare 
Aur and Aur-PLGA-NPs. These findings suggest that 
while PLGA-NPs alone can exert a cytotoxic effect, 
the incorporation of Aur significantly enhances 
this effect, making Aur-PLGA-NPs more effective 
at reducing cancer cell viability. The lower toxicity 
of PLGA-NPs compared to bare Aur and Aur-
PLGA-NPs underscores the importance of the Aur 
component in driving the anti-cancer effects. This 
suggests that the intrinsic anti-cancer activity of 
Aur is retained within the nanoparticle formulation. 
Interestingly, while PLGA-NPs alone demonstrated 
a dose-dependent cytotoxic effect, their overall 
toxicity was lower than both bare Aur and Aur-
PLGA-NPs. This finding suggests a synergistic effect 
between Aur and PLGA within the nanoparticle 
formulation, potentially due to enhanced 
cellular uptake, improved intracellular release, 
or increased stability of Aur when encapsulated 
within PLGA. Our findings indicate a noteworthy 
decrease in the toxicity of Aur when encapsulated 
within the nanostructure compared to its free 
form. This reduction in toxicity is potentially 
attributed to the sustained release profile afforded 
by the nanocarrier. By entrapping Aur within 
the nanomatrix, its release is controlled and 
prolonged, leading to a lower systemic exposure 
to the free drug. This sustained release mechanism 
could minimize off-target effects on healthy cells 
in-vivo, enhancing its therapeutic index and safety 
profile [37, 38]. Further investigation into the in-
vivo pharmacokinetics and biodistribution of both 
free and encapsulated Aur will provide critical 
insights into the relationship between controlled 
release and reduced toxicity. These data in similar 
to previous studies. These similar studies used 
PLGA for antitumor drug delivery and adjuvant 

therapy due to their ability to encapsulate and 
release drugs, as well as passively target tumors 
[33, 39-41].  Overall, the study demonstrates 
that Aur-PLGA-NPs are a promising candidate for 
targeted cancer therapy, offering a potent, selective 
cytotoxic effect against cancer cells while sparing 
normal cells. Further studies are needed to explore 
the mechanisms underlying this selective toxicity 
and to evaluate the in-vivo efficacy and safety of 
these nanoparticles. Aur’s cytotoxicity highlights it 
for medical application in the treatment of cancer. 
The dose-dependent inhibition of Aur was also 
shown in Ghorbani, et al’s study on growth of acute 
myeloid leukemia [42]. 

DAPI staining
Furthermore, we investigated possible 

mechanisms underlying the anti-cancer effects of 
auraptene-loaded PLGA nanoparticles. Our results 
indicated that the nanoparticles induced apoptosis 
in cancer cells (Fig. 5). Apoptosis is one of the 
mechanisms of cell growth suppression. DAPI is 
a fluorescent dye that can be used to visualize 
apoptotic nucleus changes in cells. As displayed in 
Fig. 4, Aur-PLGA-NPs induced apoptotic changes in 
the nuclei of treated cells compared to untreated 
control cells. In a concentration-dependent way, 
Aur-PLGA-NPs increased nuclear apoptotic bodies 
and chromatin density in cells, while the cell 
nucleus in the control group appeared normal. 
Also, chromatin fragmentation was observed in 
the cells treated with Aur-PLGA-NPs, showing 

Fig. 5. DAPI staining for monitoring apoptotic nucleus changes 
in HT-29 cancerous cells exposed to Aur-PLGA-NPs (125, 250, 
and 500 μg/mL). The cell nucleus in the control group was 
morphologically normal, but chromatin fragmentation was 
evident in the cells treated with Aur-PLGA-NP. 40× magnification
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that these particles could induce apoptosis in HT-
29 cells. Thus, the DAPI staining results revealed 
significant apoptotic changes in the nuclei of 
cells treated with Aur-PLGA-NPs compared to the 
untreated control group. In particular, we observed 
an increase in nuclear apoptotic bodies and 
heightened chromatin density in a concentration-
dependent manner. These findings align with 
previous studies that have highlighted the role 
of chromatin condensation and fragmentation 
as hallmarks of apoptosis [43, 44]. The observed 
chromatin fragmentation in HT-29 cells treated 
with Aur-PLGA-NPs further supports the assertion 
that these nanoparticles trigger apoptotic 
pathways, leading to cell death. The mechanisms 
underlying the apoptosis induced by Aur-PLGA-NPs 
could involve multiple pathways. One possibility 
is the activation of caspases, a family of cysteine 
proteases that play essential roles in the execution 
phase of apoptosis [45, 46]. Previous studies have 
shown that PLGA nanoparticles can enhance the 
delivery of therapeutic agents, leading to increased 
reactive oxygen species (ROS) production and 
subsequent activation of the mitochondrial 
apoptosis pathway [33, 47]. The generation of ROS 
can disrupt mitochondrial membrane potential, 
leading to the release of cytochrome c and the 
activation of caspases, ultimately resulting in 
apoptosis [48]. Moreover, the concentration-
dependent increase in apoptotic bodies suggests 
a dose-response relationship, which is critical for 
optimizing the therapeutic efficacy of Aur-PLGA-
NPs in cancer treatment. This observation is 
consistent with other studies that have reported 
similar dose-dependent effects of nanoparticle-
mediated drug delivery systems on apoptosis 
induction [4, 49]. The development of effective 
drug delivery systems, such as PLGA nanoparticles, 
enhances the bioavailability of therapeutic 
agents like auraptene, which may exhibit 
limited solubility and stability in physiological 
conditions [50, 51]. By encapsulating auraptene 
in PLGA nanoparticles, we not only improve its 
pharmacokinetic properties but also facilitate 
targeted delivery to cancer cells, minimizing the 
adverse effects on normal tissues. In conclusion, 
our findings suggest that auraptene-loaded PLGA 
nanoparticles effectively induce apoptosis in 
HT-29 cancer cells through mechanisms likely 
involving caspase activation and ROS production. 
These results highlight the potential of Aur-PLGA-
NPs as a promising therapeutic strategy in cancer 

treatment, warranting further investigation 
into their efficacy in in vivo models and their 
applicability in clinical settings.

Flow cytometry assay
Flow cytometry was used to evaluate the 

apoptotic effects of auraptene-loaded PLGA 
nanoparticles by measuring Annexin V/PI staining. 
In a Ca2+-dependent manner, Annexin V binds 
to membrane phospholipids, with a high binding 
affinity for phosphatidylserine. In apoptotic cells, 
Annexin V is expelled out of the cell by being 
translocated from the inner to the outer leaflet 
of the plasma membrane, allowing this assay to 
discern alive cells from necrotic ones, as well as 
cells in early apoptosis from those in late apoptotic 
stages. According to our results, most HT-29 
cells exposed to the different concentrations of 
Aur-PLGA-NPs were either necrotic (Annexin V 
negative/PI positive) or late apoptotic (double 
positive). As shown in Fig. 6 while HT-29 cells 
treated with Aur-PLGA-NPs underwent apoptosis, 
the viability of control cells reached 90.3%. After 
48 hr of exposure to Aur-PLGA-NPs, the ratio of 
Annexin V-FITC-positive HT-29 cells increased 
gradually from 6.4% to 70.4%. Our results indicated 

Figure 6. Annexin V-FITC staining. Treatment with Aur-PLGA-
NPs induced apoptosis in HT-29 cells (24 hr), evidenced by 
an increase in the ratio of Annexin V-FITC-positive cells over 
time. At the concentrations of 125, 250, and 500 μg/mL, the 
percentages of late apoptotic cells were recorded as 11.5%, 

42.7%, and 70.4%, respectively
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that the nanoparticles induce apoptosis in cancer 
cells. Flow cytometry analysis can be conducted 
to evaluate the apoptosis-inducing properties 
of the Auraptene-loaded PLGA nanoparticles by 
measuring Annexin V/PI staining. The findings 
from the flow cytometry analysis underscore 
the pro-apoptotic effects of auraptene-loaded 
PLGA nanoparticles on HT-29 colorectal cancer 
cells. The use of Annexin V/PI staining provided a 
clear distinction between viable, early apoptotic, 
late apoptotic, and necrotic cells, facilitating 
the assessment of the apoptotic process 
induced by Aur-PLGA-NPs. The translocation 
of phosphatidylserine to the outer leaflet of 
the plasma membrane is a hallmark of early 
apoptosis and serves as a signal for phagocytic 
cells to recognize and clear dying cells [52]. The 
significant increase in Annexin V-FITC-positive 
cells from 6.4% to 70.4% after 48 hr of treatment 
with Aur-PLGA-NPs indicates a robust induction 
of apoptosis, suggesting that these nanoparticles 
effectively trigger apoptotic pathways in HT-29 
cells. This is particularly relevant, as the ability to 
induce apoptosis in cancer cells is a key strategy 
in cancer therapy. The high percentage of necrotic 
cells observed alongside late apoptotic cells may 
suggest that the treatment with Aur-PLGA-NPs 
not only stimulates apoptosis but may also lead 
to secondary necrosis if the apoptotic process is 
overwhelmed or if the cells fail to undergo the 
apoptotic program in a controlled manner [53]. 
This dual observation highlights the complexity of 
cell death mechanisms in response to nanoparticle 
treatment. Additionally, the negligible impact 
on the viability of control cells (90.3%) suggests 
that Aur-PLGA-NPs selectively target cancer cells 
while sparing normal cells, which is a desirable 
characteristic for therapeutic agents aimed at 
minimizing side effects. This selectivity is crucial for 
achieving effective cancer treatment with minimal 
toxicity. In conclusion, our results demonstrate that 
auraptene-loaded PLGA nanoparticles effectively 
induce apoptosis in HT-29 cells, as evidenced by 
the significant increase in Annexin V-positive 
cells. These findings support the potential of Aur-
PLGA-NPs as a promising therapeutic strategy in 
the treatment of colorectal cancer, warranting 
further investigation into their in-vivo efficacy and 
underlying molecular mechanisms.

Expression of apoptotic genes
To further investigate apoptosis, three pro-

apoptotic genes, BAX, caspase 3, and caspase 
9, were quantified. The results showed that the 
nanoparticles had a significant effect on BAX gene 
expression, which proved upregulation with an 
increase in the concentration of Aur-PLGA-NPs. 
Compared to the control group, the cells treated 
with 125, 250, and 500 μg/mL of Aur-PLGA-NPs 
significantly increased the expression of caspase 
3 and 9 genes, with a more prominent effect on 
caspase 3 (Fig. 7). Gene expression analysis by 
real-Time –PCR confirmed that the nanoparticles 
could upregulate the expression of pro-apoptotic 
markers and caspase enzymes, providing further 
insights into the efficacy of the nanoparticles in 
inhibiting cancer cell proliferation and inducing 
programmed cell death.  

The use of PLGA as a carrier for auraptene also 
offers advantages in terms of biocompatibility and 
biodegradability [54]. PLGA is a FDA-approved 
polymer widely used in drug delivery systems [55] 
as it undergoes hydrolysis in the body, leading to 
the gradual release of the encapsulated drug. The 
biodegradability of PLGA nanoparticles ensures 
the elimination of the carrier from the body 
without causing any long-term toxicity [56].

CONCLUSION 
The synthesis of PLGA nanoparticles loaded 

with auraptene seemed to be a promising 
strategy for the development of effective anti-
cancer therapies. The encapsulation of auraptene 
within PLGA nanoparticles enhances its stability, 
controlled release, cellular uptake, and anti-cancer 
effects. The biocompatibility and biodegradability 
of PLGA nanoparticles further contribute to their 
potential clinical translation. Future studies should 
focus on the in-vivo evaluation and optimization 
of this nanoparticle formulation to ensure the 

Fig 7. Apoptotic genes’ expression (BAX, caspase3, and caspase 
9). Aur-PLGA-NPs dose-dependently increased the expression 

of these apoptotic genes compared to the control group
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effective delivery of auraptene to tumors while 
minimizing systemic toxicity.
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