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18100 Granada, Spain ’ of these nanoparticles including their size, zeta potential, morphology, size distribution,
and magnetic features were evaluated. The encapsulation efficiency of copolymers
with F. vulgare ethanolic extract, essential oil, anethole, and pure quercetin was ana-
lyzed. After that, the drug release kinetics (at pH = 5 and 7.4), in vitro cytotoxicity evalu-
ation, and analysis of cell apoptosis to evaluate the efficacy of drug delivery to Hs578T
and SUM159 triple-negative breast cancer cell lines were evaluated.
Results: The results of the study indicated that PLA-PEG-HA/PLA—chitosan nano-
particles possess a spherical shape with an average size of 240 nm and a zeta poten-
tial of -10.8 mV. Moreover, the drug release pattern illustrated a higher release rate
from synthesized nanoparticles under acidic conditions (pH = 5). The WST-1 assay
revealed the biocompatibility of the drug-free nanocarriers and their minimal toxicity.
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Additionally, the cell apoptosis results indicated a higher proportion of pre- and post-
apoptotic cells in Hs578T cells compared to SUM-159 cells. Particularly, the Hs578T

cell line treated with PLA-PEG-HA/chitosan-PLA/quercetin nanoparticles exhib-

ited the highest percentages of pre- and post-apoptotic cells (34.06% and 8.19%,
respectively).

Conclusions: The PLA-chitosan and PLA-PEG-HA/chitosan-PLA copolymer nano-
particles exhibit a noteworthy capacity for the targeted delivery of quercetin, anethole,
and other anticancer compounds present in the ethanolic extract and essential oil of £.
vulgare toward cancerous cells.

Keywords: Breast cancer, Encapsulation efficiency, Essential oil, Ethanolic extract, .
vulgare, Targeted drug delivery
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Introduction
Foeniculum vulgare Mill., a member of the Apiaceae family (Umbelliferaceae), has
cytoprotective, hepatoprotective, antitumor, hypoglycemic, estrogenic, and antioxi-
dant properties and is utilized globally for treating diverse health disorders, such as
abdominal pain, arthritis, cancer, constipation, and insomnia (Rauf et al. 2022).
Phytochemicals such as phenols, alkaloids, terpenoids, flavonoids, glycosides, tan-
nins, and saponins have been identified in the ethanol extract of F vulgare seeds
(Ghasemian et al. 2020). The main phenolic and flavonoid compounds in E vulgare,
rutin, quercetin, apigenin, ferulic acid, coumaric acid, and caffeic acid, are known to
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have anti-inflammatory and antioxidant properties (Noreen et al. 2023). Moreover,
E vulgare seed essential oil contains a-pinene, fenchone, anethole, and estragole and
has pharmacological effects, such as anti-inflammatory, antispasmodic, and antitu-
mor effects (Kaur et al. 2022). Quercetin plays an important role in modulating the
fundamental characteristics of cancer and signaling pathways associated with tumors
(Reyes-Farias and Carrasco-Pozo 2019). It has been demonstrated to have anticancer
effects on cancer cells through the regulation of key molecular components within
signaling pathways, including PI3K/Akt/mTOR, Wnt/B-catenin, and MAPK/ERK1
(Rather and Bhagat 2020). Anethole, also known as trans-anethole, has been shown
to inhibit the activation of NF-activated KBs by TNF transcription factors (Chainy
et al. 2000). This inhibition of cellular responses induced by cytokines such as TNF
sheds light on the potential cancer-preventive mechanisms of anethole (Akhbari et al.
2019).

Cancer is now recognized as one of the deadliest diseases in the world (Arnold et al.
2022). According to the 2023 GLOBOCAN global burden cancer analysis report,
breast cancer (BC) has surpassed lung cancer as the most commonly diagnosed can-
cer among women (Organization and Breast cancer 2024). There are several methods
of treatment according to pathological attributes such as surgery, radiation therapy,
chemotherapy, targeted therapy, and immunotherapy (Smolarz et al. 2022). In some
cases, the treatment plan may include a combination of treatment methods to maxi-
mize treatment effectiveness (Correia et al. 2021). Among them, chemotherapy is the
most commonly used option to treat most cancers (Tang et al. 2024). Chemotherapy
has the ability to eradicate numerous cancer cells throughout the body, eliminate tiny
pockets of disease that surround the periphery of tumors evade a surgeon’s observa-
tion, and can be used in conjunction with other therapeutic methods (Akbarzadeh
et al. 2021).

In the field of drug design and development, various nanotechnologies are used to
improve cancer treatment by eliminating inherent defects (Akbarzadeh et al. 2021). Col-
lectively known as cancer nanotechnology, these nanotechnologies are being used to
make drugs that are not only more effective therapeutically but also safer for the patient
to use (Mosleh-Shirazi et al. 2022). However, the limited functionality of these drugs
to dissolve in water and cross membranes has resulted in inadequate absorption in the
body and reduced effectiveness of treatment (Pomeroy et al. 2022). Therefore, the use
of nanoparticles to achieve controlled release and targeted delivery of these anticancer
drugs is very important to improve therapeutic efficacy and reduce side effects associ-
ated with cancer treatments (Qiu et al. 2022). Nanotechnology has stimulated consider-
able interest in the development of novel pharmaceutical carriers and delivery systems
(Alrushaid et al. 2023). Nanocarriers play a critical role in precisely delivering drug
molecules to target sites, aiming to eradicate cancer cells while reducing adverse effects
on healthy cells, thereby reducing the incidence of drug-related side effects (Yang et al.
2020). Varieties of nanoparticles used in targeted drug delivery include liposomes, poly-
meric nanoparticles, gold nanoparticles, silica nanoparticles, dendrimers, and solid lipid
nanoparticles (Mosleh-Shirazi et al. 2022).

Polymeric nanoparticles (NPs), such as chitosan, human serum albumin (HSA), or
bovine serum albumin (BSA), exhibit biocompatibility and biodegradability, thereby
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assuming a significant function in the realm of therapeutic and receptor-mediated drug
administration (Zhang et al. 2021).

Micelles are known for their spherical amphiphilic compositions, which typically
range from 10 to 100 nm (Ibrahim et al. 2022a). Natural macromolecules or biocompat-
ible synthetic polymers are used to create polymeric micelles (Gregoriou et al. 2021).
Biodegradable polymers, such as polylactide (PLA), polyethylene glycol (PEG), chitosan,
poly(DL-lactic-co-glycolic acid) (PLGA), and poly(e-caprolactone) (PCL), have gained
attention for biomedical applications because of their biocompatibility, degradability,
and low toxicity (Junnuthula et al. 2022).

PLA is a thermoplastic, high-strength, high-modulus polymer derived through the fer-
mentation of sustainable agricultural waste into carboxylic acid (Bourang et al. 2024a).
The biodegradability and biocompatibility of PLA-based nano- and micro- particles have
made them popular for safe adjuvant applications (Mundel et al. 2022). Its properties,
such as mechanical strength and ease of processing, enable the development of vari-
ous drug delivery forms, including nanoparticles, microspheres, and implants that can
provide targeted or controlled drug release (Farkas et al. 2022). PLA’s ability to degrade
into non-toxic lactic acid makes it suitable for biomedical use, enhancing patient safety,
and compliance by allowing for sustained release with less frequent dosing (Farkas et al.
2022; Khosraviboroujeni et al. 2022).

Chitosan is soluble through primary amine protonation in aqueous acidic media (Das
et al. 2024). Its inherent qualities include non-toxicity, cationic nature, biocompatibil-
ity, and biodegradability (Tian and Liu 2023). Advantages of chitosan contribute to its
potential use in drug delivery, biomedicine, and the development of nanocarrier systems
(Al-Nemrawi et al. 2022). Compared with other natural polysaccharides, chitosan can
deliver higher drug concentrations and form intermolecular crosslinks with multiple
anions.

Polyethylene Glycol (PEG) is a versatile, hydrophilic polymer known for its biocom-
patibility and low immunogenicity, making it widely used in drug delivery systems (Shi
et al. 2021). One of its key characteristics is its ability to form stable conjugates with
various drugs, enhancing their solubility and stability (Ioele et al. 2022). PEG can modify
the pharmacokinetics of therapeutic agents by extending their circulation time in the
bloodstream, which helps achieve sustained and controlled release profiles (Tedeschini
et al. 2021). Furthermore, its hydrophilic properties aid in reducing protein adsorption
and prolonging clearance, which minimizes side effects while enhancing the drug’s effi-
cacy (Verma et al. 2024). The tunable molecular weight of PEG allows for customization
of drug delivery systems, making it suitable for various formulations, including nanopar-
ticles, hydrogels, and liposomes (Ibrahim et al. 2022b). Overall, PEG enhances the per-
formance of drug delivery systems by improving drug solubility, reducing toxicity, and
facilitating targeted delivery, ultimately leading to better therapeutic outcomes (Jin et al.
2017).

Despite the advantages of chitosan, PLA, and PEG in drug delivery systems, each has
notable limitations that can affect their effectiveness. Chitosan, while biocompatible
and biodegradable, has limited solubility at neutral pH, which can restrict its applica-
tion for certain drugs and result in inconsistent drug release profiles (Herdiana et al.
2021). PLA’s degradation rate can vary significantly based on environmental factors,
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potentially leading to premature drug release or insufficient therapeutic levels over time;
moreover, its hydrophobic nature makes it challenging to encapsulate hydrophilic drugs
effectively (Shah et al. 2021). PEG, although beneficial for enhancing solubility and cir-
culation time, may also lead to issues such as the "stealth effect," where PEGylation could
mask drug activity or hinder cellular uptake if not properly designed (Levit and Tang
2021). Furthermore, the extensive use of PEG raises concerns about potential immuno-
genicity with repeated dosing. Together, these limitations highlight the need for ongoing
research and development to optimize these materials and improve their functionality in
drug delivery systems (Bholakant et al. 2021).

Pharmaceutical development and innovation are increasingly shifting towards a "smart
drug" approach that prioritizes improved efficacy and reduced toxicity (Prajapati et al.
2024). This strategy focuses on delivering cancer chemotherapeutics directly to specific
tumor receptors (Kalaydina et al. 2018). By identifying unique surface receptors on can-
cer cells, targeted delivery of chemotherapeutics and other therapeutic agents, such as
small interfering RNA (siRNA), can significantly minimize side effects while enhancing
the effectiveness of cancer treatments (Mirzaei et al. 2021).

In breast cancer, several markers present promising targets for precise drug delivery,
including the overexpressed estrogen receptor (ER), progesterone receptor, HER2 recep-
tor, folate receptor (FR), epidermal growth factor receptor (EGFR), transferrin receptor
(TfR), integrin receptor, nucleoli receptor, and CD44 receptor (Saghaeidehkordi 2021).
These receptors are significantly overexpressed on breast cancer cells compared to nor-
mal cells, providing an attractive approach for the delivery of potent anticancer agents
through nanoparticulate systems, and partially overcome resistance mechanisms related
to the active efflux of drugs from cancer cells.

Furthermore, hyaluronic acid (HA) is an essential component of the extracellular
matrix and is widely used for anticancer drug delivery because of its biocompatibility,
biodegradability, and non-toxicity, along with its non-immunogenic properties and
multiple functional groups, such as carboxyl and hydroxyl sites for modification (Kiani-
Dehkordi et al. 2023). Additionally, HA acts as a natural ligand in targeted drug delivery
systems due to its interaction with the endocytic receptor CD44, which is often over-
expressed in various cancer cells (Rios de la Rosa et al. 2018). Consequently, HA-based
nanocarriers have been engineered to enhance drug delivery efficiency while effectively
distinguishing between healthy and cancerous tissues, ultimately minimizing residual
toxicity and off-target effects (Della Sala et al. 2022).

In recent years, interest in the use of herbal compounds as alternatives to traditional
chemotherapy drugs has increased (Wangchuk 2018). This shift in focus can be attrib-
uted to the high side effects associated with chemotherapy drugs, as well as their det-
rimental impact on healthy cells within the body (Esmeeta et al. 2022). In this study,
following the synthesis of polymeric nanoparticles utilizing PLA-PEG-HA/chitosan—
PLA, we investigated the effects of these nanoparticles on the targeted delivery of pure
quercetin, pure anethole, anticancer compounds from the ethanol extract of E vulgare
(aerial parts and selected callus tissue), and essential oils for regulating the growth and
viability of Hs578T and SUM159 triple-negative breast cancer cell lines.
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Materials and methods

Plant material and explant source (in vivo production)

The aerial parts (newly grown stems) of E vulgare used as explants to produce callus
tissue in vitro were collected from the Medicinal Plants Research Center at Ardabil
University of Medical Sciences. After surface disinfection, the explants were cul-
tured in Murashige and Skoog medium (MS) media supplemented with 2 mg/L NAA
(1-naphthalene acetic acid) and 0.5 mg/L Kin (kinetin).

After that, the callus samples were subjected to three consecutive subcultures to
maintain genetic purity. The calluses were subsequently treated with different concen-
trations of plant growth stimulants—methyl jasmonate, salicylic acid, and phenylala-
nine—at zero (control), 50, 100, and 200 mg/L for 24, 48, and 96 h. In this study, the
callus sample grown in media supplemented with 200 mg/L methyl jasmonate for 96
hours presented the greatest accumulation of secondary metabolites. As a result, this
specific callus was selected for further extraction procedures (Bourang et al. 2024b).

Extraction of essential oils from F. vulgare seeds

The mature E vulgare seeds used in this study were purchased from the Seed and
Plant Improvement Institute (SPII) in Iran. Essential oil was extracted from the FE
vulgare seeds via hydrodistillation with a Clevenger apparatus, following the method
outlined by Bettaieb et al. (2011). After extraction, the oil was dried with anhydrous
sodium sulfate, filtered, and stored at 4 °C for use in tests and evaluations.

Identification and quantification of the essential oil components

Analysis of the E vulgare essential oil was performed via gas chromatography-mass
spectrometry (GC-MS, Agilent 7890B series GC-MS). Components were identified
by comparing their mass spectra with the Wiley Registry 9th Edition/NIST 2011 mass
spectral library and their retention indices with those of authentic compounds or lit-
erature values. The relative percentage of these components was calculated by elec-
tronically integrating peak areas without applying a correction factor.

Extraction of the ethanolic extract

The extraction process was carried out at Mohaghegh Ardabili University Biotechnol-
ogy Laboratory via double-distilled water, the Percolation method, and a 15:1 sam-
ple to 70% ethanol solvent ratio (for leaf and callus samples) to extract quercetin. In
this procedure, 15 ml of 70% ethanol was mixed with 1 g of plant material (dried leaf
or callus) (Lutviani et al. 2023). The resulting mixture was filtered and centrifuged
at 4000 rpm, and the upper layer was collected as the final plant extract for testing.
Additionally, a control sample of quercetin powder was sourced from Sigma-Aldrich
(Aldrich-337951).

HPLC analysis

Hurst et al. used high-performance liquid chromatography (HPLC) in 1983 (Hurst
et al. 1983) to measure the levels of secondary metabolites of quercetin. An HPLC
system (KENUVER, AZURA, Germany) with a C18 reversed-phase column was used
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to analyze quercetin compounds in the supernatant from the leaf and callus tissues.
The mobile phase consisted of HPLC-grade methanol and distilled water. Querce-
tin was detected and quantified at a wavelength of 368 nm. Pure quercetin samples
(Sigma-Aldrich) at concentrations of 10, 20, 50, 100, and 500 mg/L were used to con-
struct the standard curve.

Preparation of micellar nanoparticles

Synthesis of PLA-chitosan

Four grams of acrylate-PLA was dissolved in 20 ml of chloroform. Next, 4 g of chitosan
was added to the solution and stirred for 24 h at 50 °C. The resulting mixture was then
retrieved by replacing the solvents with methanol and water, followed by dialysis against
water (with a molecular weight cutoff of 10,000) for two days at 4 °C to remove impuri-
ties (Parveen and Sahoo 2011).

Preparation of encapsulated nanoparticles

For this purpose, the method of Parveen and Sahoo (2011) was employed with slight
modifications. Initially, 2 ml of each substance (including the ethanolic extract of E vul-
gare plants (FX), ethanolic extract from the designated callus sample (CFX), essential
oil of E vulgare (FEO), and pure samples (trans-anethole (ANT) (Sigma-Aldrich) and
quercetin (Que) (Sigma-Aldrich)) were combined with 2 ml of chloroform containing
50 mg of chitosan—PLA copolymer, incubated for 30 seconds on ice, and further soni-
cated. Next, the resulting solution was emulsified in 3 ml of water with the addition of
0.3% (w/v) polyvinyl alcohol (PVA) under sonication for two minutes. The chloroform
in the mixture was evaporated, and the resulting nanoparticles were collected, washed
with 100 ml of phosphate buffer, and centrifuged at 12000 rpm for thirty minutes. Sub-
sequently, 10 ml of phosphate buffer was mixed with the nanoparticles, which were then
filtered through a 0.45 pm membrane filter to remove larger nanoparticles. Finally, the
nanoparticles were dried via a freeze dryer and stored at — 80 °C.

The formulations of the PLA-PEG-HA/chitosan—PLA nanoparticles incorporating F
vulgare extract (PPHCP/FX), the PLA-PEG-HA/chitosan—-PLA nanoparticles contain-
ing an ethanolic extract from the callus (PPHCP/CFX), the PLA-PEG-HA/chitosan—
PLA including F. vulgare essential oil (PPHCP/FEO), the PLA-PEG—-HA/chitosan—PLA
encapsulating pure trans-anethole (PPHCP/ANT), and the PLA-PEG-HA/chitosan—
PLA encapsulating pure quercetin (PPHCP/Que) were developed following the same
procedure, except that in addition to the chitosan—PLA copolymer, 50 mg of the PLA—
PEG-HA copolymer was also included in 2 ml of chloroform (Fig. 1).

Characterization of the micelles

After the synthesis process, the nanoparticles were analyzed in detail via techniques
such as hydrogen nuclear magnetic resonance spectroscopy (‘H-NMR-Bruker 400 MHz)
and Fourier transform infrared spectroscopy (FTIR ABB Bomem MB). The character-
istics, including morphology, size, zeta potential, and hydrodynamic diameter of the
micelles, were assessed via advanced tools such as scanning electron microscopy (SEM,
LEO 1430, Oberkochen, Zeiss), a zeta potential analyzer (SZ-100 Horiba), and dynamic
light scattering (DLS, Malvern Instruments). Additionally, the thermal behaviors of PLA,
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Fig. 1 Chemical scheme of PLA-chitosan and PLA-PEG-HA copolymer synthesis

chitosan, and PLA—chitosan were studied through thermogravimetric analysis (TGA)
and a thermogravimetric derivative (DTG) (TG-DTA-32, Japan) in the temperature
range of 25 °C to 600 °C with a heating rate of 20 °C/min under atmospheric air pressure.

Encapsulation efficiency

To calculate the encapsulation efficiency (EE) of FX, CFX, FEO, ANT, and Que in chi-
tosan—-PLA and PLA-PEG-HA/chitosan—PLA nanoparticles, a centrifugation step was
first performed at 13,000 rpm for 1 hour to precipitate the synthesized nanoparticles
from the previous step. Subsequently, the amount of unencapsulated FX, CFX, FEO,
ANT, and Que in the supernatant of each sample was determined using a spectropho-
tometer (FX, CFX, and Que at a wavelength of 368 nm, and FEO and ANT at 260 nm).
Finally, the obtained values were compared with the initial amounts of FX, CFX, FEO,
ANT, and Que used in the encapsulation process (Bourang et al. 2024a).

Encapsulation efficiency of Que, FX, and CFX (wavelength: 368 nm):

EE CFF7XX % = Winitial CFFXX - Wfree CFFXX - Winitial% x 100
Que Que Que Que

Encapsulation efficiency of FEO and ANT (wavelength: 260 nm):

V) — — -
(EE EEQ 4)) = (Winitial% Wiree £ = winitial%) x 100.

ANT

Release patterns of the nanoparticles

Previous studies have shown that tumor tissue has a lower pH than normal tissue does
(Nguyen et al. 2021; Chandrasekhar et al. 2020). This study aimed to replicate the drug
release patterns from nanoparticles in both normal and cancerous tissues. The release
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profiles of FX, CFX, FEO, ANT, and Que from various types of nanoparticles were
examined in PBS buffer solutions with different pH values (pH=5 and pH=7.4). To
accomplish this, 10 mg of each nanoparticle mixture was added to 2 ml of PBS buffer at
various pH values. The supernatant containing the nanoparticles was then separated via
centrifugation (13,000 rpm for 10 min), and the concentrations of the compounds in the
supernatant were measured via a spectrophotometric device (Bio-Rad, SmartspecTM
plus, United States of America) at specific wavelengths (368 nm for Que and 260 nm
for ANT). After centrifugation, the sediment from the nanoparticles was resuspended
in 2 ml of fresh PBS and placed in an incubator at 37 °C. The release percentages of the
ethanolic extract and drug were calculated via the following equation:

D}"t + Drt+1

Release pattern of each nanoparticle (pH 5,7.4) : DF

Dr,, The measured amount of drug in the supernatant at any time (t); Dr,,;, The meas-
ured amount of drug in the supernatant at time t+1; De, The amount of drug encapsu-
lated in the nanoparticles.

Cell culture
The triple-negative breast cancer cell lines Hs578T and SUM159 were obtained from the
ATCC and Asterand, respectively. Both cell lines were cultured in DMEM (Dulbecco’s
modified Eagle’s medium, Sigma-Aldrich) supplemented with 10% FBS (fetal bovine
serum, Thermo Fisher Scientific) at 37°C and 5% CO, as previously described (Calahorra
et al. 2024).

In vitro evaluation of cytotoxicity

The concentration at which each drug demonstrated half of its maximal inhibitory effect
on tumor cell viability (ICy,) was assessed via the WST-1 assay with a Nanoquant plate
reader (Tecan). For this aim, Hs578t and SUM159 cells were seeded into 96-well tissue
culture plates at the concentrations of 5 x 10® and 2 x 10° cells/well, respectively, and
incubated for 24 h. After, the cell lines were separately treated with different concentra-
tions (0, 5, 10, 25, 50 pg/ml) of nanoparticles (CP/FX), (CP/CFX), (CP/Que), (CP/FEO),
(CP/ANT), (PPPHCP/FCPFX), (PPPHCP/FCPFX), (PPHCP/FEO), and (PPHCP/ANT),
as well as concentrations of free compounds without nanoparticles (0, 5, 10, 25, 50 pl/
ml) of FX, CFX, FEO, ANT, and Que for 24 h.

To assess the impact of nanoparticles on the transfer efficiency of FX, CFX, FEO, ANT,
and Que, the quantity of nanoparticles used for treating Hs578T and SUM159 cells was
calculated to ensure that the treatments included equivalent amounts of the specified
compounds. WST-1 reagent (Roche) was added to each well, and the absorbance of
the samples of interest at a wavelength of 440 nm was measured by a Nanoquant plate
reader at 10, 15, 30, and 45 min and compared with that of the control treatment (no
treatment) (Calahorra et al. 2024).

Cell apoptosis analysis
Apoptosis was assayed by flow cytometry with an Annexin V-FITC apoptosis kit
(BestBio) in Hs578T and SUMI159 cells treated with FX, CFX, FEO, ANT, Que, and
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Fig. 2 GC-MS chromatogram results of £. vulgare essential oil, taken from two stages of gas chromatography
and mass spectrometry. In this diagram, molecular structures are identified and determined, and after
interpretation of the results, the desired compound is reported

encapsulated nanoparticles [(CP/FX), (CP/CFX), (CP/Que), (CP/FEO), (CP/ANT),
(PPHCP/FX), (PPHCP/CFX), (PPHCP/Que), (PPHCP/FEO), and (PPHCP/ANT)] for
48 h. In accordance with the manufacturer’s instructions, the cells were stained with
Annexin V and propidium iodide (PI) for 15 minutes at room temperature in the dark
(Dédvila-Gonzélez et al. 2018). Flow cytometric analysis was performed using a BD
Accuri C6 instrument, and data analysis was carried out with FlowJo software version
10.

Results

GC-MS analysis of F. vulgare essential oil

The results of the GC—mass analysis of the essential oil of F vulgare (Fig. 2 and Table 1)
revealed the presence of flavonoid compounds, such as sabinene, estragole, beta-pinene,
apiol, limonene, and alpha-phellandrene, L-fenchone, and anethole, are associated with
anti-inflammatory, antibacterial, antioxidant, antidiabetic, and anticancer properties.

HPLC analysis
Rutin, quercetin, and kaempferol levels in the ethanolic extracts of F vulgare plants and
callus tissue were quantified via HPLC and analyzed (Table 2).

Characterization of the micelles

Proton nuclear magnetic resonance ('H NMR)

In this research, "H-NMR spectroscopy was used to confirm the synthesis of the PLA—-
chitosan—-HA polymer. Signals related to methylene carbonyl groups (CH,-CO) were
recorded in the range of 5.3—5.6, and methyl signals (CH;) were recorded in the range of
1.4-1.7 for PLA. After the attachment of chitosan to PLA, signals related to the methine
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Table 1 Results of GC-mass analysis of the essential oil of F. vulgare

Compounds Molecular Retention Time Total (%) Recorded References
formula pharmacological
activity

(1R)-(4)-a-Pinen CioHis 6.233 2631 - -

4-Carene CioHie 6.678 0617 - -

beta-phellandrene  C,oH;4 7.490 0.369 - -

Sabinene CioHis 7.544 0.884 Anti-inflammatory  Lima et al. (2016)

beta-pinene CioHis 8.077 1.038 Antibacterial Lima et al. (2016)

alpha-phellandrene  C,,H,¢ 8.460 0512 Antibacterial Boevé et al.

(2023)

D-Limonene CioHis 9.403 12.291 Antibacterial, Bai et al. (2016)
antifungal, and
antitumor

3-Carene CioHis 9.565 0.583 Antibacterial, Shu et al. (2020)
antioxidant, and
anticancer

1,4-Cyclohexadi- CHio 10.170 0.380 - -

ene,

1-methyl-

L-Fenchone CioH160 11.216 12.234 Anti-inflammatory, Kangetal. (2019)
antioxidant, antidi-
arrheal, antifungal,
antinociceptive,
and bronchodila-
tor

Bicyclo [2. 2. CioHis 11.979 0.136 Anticancer, antivi- ~ Kang et al. (2019)

1]heptane ral, and antibac-

containing N,N'- terial

diarylsquaramide

2,6-Dimethyl-2,46-  CioH;e 12.216 1377 - -

octatriene

Bicyclo [2.2.1] CioH0 12.602 1.020 - -

heptan-2-one,

1,7,7-trimethyl-

3-Cyclohexen-1-ol,  C;oH;50 13.506 0.136 - -

4-methyl-1-(1-

methylethyl)-

Estragole CioHp 0 14.197 10.778 Antimicrobial, Roy et al. (2018)
antioxidant, anti-
convulsant, and
macrophage

Bicyclo [2.2.1] C,H,,0 14.969 0.569 - -

heptan-2-ol,

2-ethyl-1,3,3-

trimethyl-

2-Cyclohexen-1- CioH0 15.459 9.156 - -

one, 2-methyl-5-(1-

methylethyl)-

Anethole CioH120 16.705 35.194 Antifungal, anti- Nasir and Yabalak
bacterial, analgesic, (2021)
anti-inflammatory
and antioxidant

Copaene CisHos 18461 0218 Antibacterial Kang et al. (2019)
and anti-inflam-
matory

2-Propanone, CioHy,0 18.609 0.133 - -

1-(4-methoxyphe-
nyl)-

Page 11 of 28
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Table 1 (continued)

Compounds Molecular Retention Time Total (%) Recorded References
formula pharmacological
activity
1H-Cyclopenta[1,3] CisH,y4 18.740 0.186 - -
cyclopropal1,2]
benzene
Bicyclo [4.4.0] CisHos 19.354 0.172 - -

dec-1-ene, 2-iso-

propyl-5-methyl-

9-methylene-

Tricyclo [3. 3. CroHos 20059 0.186 - -
1.1°/] decane,

tricyclo [3.3.1.137]

decylidene-

Tricyclo [3. 3. Coos 20636 0240 - -
1.1°7] decane,

tricyclo [3.3. 1. 137]

decylidene-

Naphthalene, CisHos 21452 0.105 - -

1,2,3,5,6,8a-hexahy-

dro-4,7-dimethyl-

1-(1-methylethyl)-

Apiol Ci5H140;4 23411 0.255 Antioxidant, anti-  Kang et al. (2019)
fungal, anticancer,
abortifacient, aca-
ricidal, phytotoxic,
antitumor, and
antiproliferative
agents

polysaccharide (CH) of chitosan were observed in the range of 3.6 ppm, and amine pro-
tons (NH,) were observed in the range of 2.8 ppm (Fig. 3A).

After the binding of hyaluronic acid, the protons in the glucuronic acid ring were
detected in the range of 2.3—4.2 ppm. In addition, the protons of the N-acetyl glucosa-
mine units and the protons attached to the amide groups in the N-acetyl group pro-
duced a peak at approximately 1.9 ppm (due to the methyl-acyl group), which confirmed
the binding of hyaluronic acid to PLA—chitosan (Fig. 3B).

Fourier Transform Infrared Spectroscopy (FTIR)

The results of the FTIR spectroscopy of chitosan revealed that the peaks in the ranges
of 1500-1600 cm™ and 3200-3500 cm™ are related to N-H and O—H bonds. The ten-
sion related to the C-O functional groups in the chitosan structure was also observed in
the range of 1020-1150 cm™! (Fig. 4A). Furthermore, according to the FTIR results for
PLA (Fig. 4B), the peaks in the ranges of 1000-1500 cm™ and 1500-2000 cm™! corre-
spond to C-O and C = O bonds, respectively. After chitosan was attached to PLA, the
tension of the carbonyl group (C=0) changed slightly due to the interactions between
PLA and chitosan but remained in the range of 1800-1700 cm™ (Fig. 4C). Moreover,
peaks related to N-H and O-H functional groups were observed in the ranges of 1500—
1600 and 3200-3500 cm™'. The peak observed in the 1100 region was attributed to the
C-0O-C group, which indicates the interaction between the saccharide structure of chi-
tosan and PLA. The change in the position of some peaks as well as the changes in their



Bourang et al. Cancer Nanotechnology

Table 2 Amounts of rutin, quercetin, and kaempferol in the ethanolic extracts of the shoot and

(2025) 16:17

callus tissues of . vulgare

Compounds Rutin Quercetin Kaempferol
(mg.g™" (mg.g™") (mg.g™"

Amount in ethanolic extract of the  27.92 18.78 10.15

plant shoot

Amount in ethanolic extract of the 19.12 8.07 5.83

callus tissue

A B 10 © . o v :’ ¢
n
|
pom - ¢ 3 . 3 : 1

6 5 4

3

2

1 9

Fig. 3 'H-NMR spectroscopic analysis diagram of a PLA-chitosan and b PLA-chitosan-HA. The vertical

axis is (intensity) and the horizontal axis is (multiplicity). Each peak in this spectrum refers to a specific type
of proton in the molecule. The height and area of the peaks are related to the number and type of protons

present in their specific chemical environment

Transmttince (%)

Chitosan

Tranmittance (%)

2000 2500 2000 1500 1000 500
Wavonumber (cm )
7 PLA
1 -
C=-O
c-O -
3000 2500 2000 1500 1000 s00

Wavenumber (cm)

Transmittance (%)

PLA-Chitosan

Qoo 3500

3000

2500 2000 1500 1000 soo
Wavenumber (em?)

Fig. 4 FTIR spectra of a chitosan, b PLA and ¢ PLA-chitosan. Horizontal axis (wavelength axis or wave
number) and vertical axis (absorption intensity axis). In this spectrum, the absorption peaks indicate which
functional groups are present in the sample under investigation
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Fig. 5 TGA analysis of A PLA, C PLA—chitosan, and E PLA-chitosan-HA nanoparticles and DTG analysis of B
PLA, D PLA—chitosan, and F PLA-chitosan-HA nanoparticles. The TGA curve shows the weight changes of
the sample during increasing temperature or time. The DTG curve is the first derivative of the TGA curve and
relates the rate of weight change to time or temperature. The shape of the DTG curve shows the peak points
and the maximum rate of weight change, which can accurately identify the starting and ending points of
material decomposition and thermal reactions

intensity can be caused by the interaction of PLA and chitosan, which indicates the cor-
rect synthesis of PLA—chitosan.

Thermal Gravitational Analysis (TGA) and Differential Thermal Gravitational Analysis (DTG)
The TGA diagram illustrates the decrease in the weight of the nanoparticles compared
with the increase in temperature, and the DTG diagram demonstrates the rate of change
in the rate of weight loss compared with the increase in temperature. According to the
results of the TGA analysis of the PLA polymer, a weight loss stage at an approximate
temperature of 250—-300 °C was observed, which could be due to the chemical decom-
position of the PLA polymer chains (Fig. 5A). In the DTG diagram of PLA, these points
appear with sharp peaks, which indicates the high rate of decomposition of PLA at these
temperatures (at 250 °C) (Fig. 5B).

By combining PLA and chitosan, the thermal decomposition behavior of PLA—chi-
tosan in the TGA and DTA tests was affected by the presence of both PLA and chitosan.
Therefore, the process of weight loss in the PLA—chitosan polymer was greater than
that in the PLA. Furthermore, a trend toward temperature reduction was observed at a
higher temperature than that of PLA and approximately 400 °C, which showed that chi-
tosan is more resistant to temperature than is PLA (Fig. 5C). The DTG results revealed
two peaks of weight loss in the ranges of 250 °C and 400 °C, indicating the presence of at
least two main degradation stages, which probably corresponded to the degradation of
the PLA and chitosan components at different temperatures (Fig. 5D).

In the PLA—chitosan—HA sample, the pattern of weight loss (TGA) changed so that the
speed of weight loss in the PLA—chitosan—HA polymer at a temperature range of 400 °C
was greater than that of the PLA—chitosan polymer (Fig. 5E). Additionally, the binding of
hyaluronic acid to PLA—chitosan changed the DTG pattern (Fig. 5F), which indicated the
binding of a new molecule to the PLA—chitosan compound.



Bourang et al. Cancer Nanotechnology (2025) 16:17 Page 15 of 28

- 0 o)
Fig. 6 SEM images of a PLA—-chitosan/FX and b PPCPF/FX nanoparticles. The results include path plot and
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Fig. 7 DLS and zeta potential plots of; a, b size distribution of PLA/chitosan/FX and PPHCP/FX respectively
and ¢, d zeta potential of PLA/chitosan/FX and PPCPF/FX. DLS results show the particle size distribution. Zeta
potential provides information about the surface electric charge of the particles

Scanning electron microscopy (SEM) images of the PLA-chitosan/FX and PPCPF/FX
nanopatrticles

According to the results obtained from the SEM images, the PLA—chitosan/FX and
PPHCP/FX nanoparticles are composed of relatively uniform geometric shapes with similar
sizes (Fig. 6). These nanoparticles have smooth surfaces and clear boundaries, which indi-
cate high purity and good control in the synthesis process. No significant differences in the
size or morphology of the PLA—chitosan/FX and PPHCP/FX nanoparticles were observed.
In both images (Fig. 6), the nanoparticles show good stability and lack the tendency to form

large aggregates, which can be used in medical applications.

Dynamic light scattering (DLS) and graphical distribution of the zeta potential of the PLA-
chitosan/FX and PPCPF/FX nanopatrticles

The results obtained from the DLS diagram demonstrate the size distributions of the two
PLA/chitosan/FX and PPHCP/FX nanoparticles (Fig. 7A, B). The resulting DLS diagram
of the PLA/chitosan/FX nanoparticles revealed a peak with a suitable amplitude, which
indicates the uniformity between the nanoparticles. The size of these nanoparticles was
approximately 240 nm (Fig. 7A), and the DLS results of the PPHCP/FX nanoparticles
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Fig. 8 Drug release patterns: A ethanolic extract of F. vulgare (FX), B ethanolic extract of selected callus tissue
sample (CFX), C quercetin, D essential oil of £ vulgare (EO), and E anethole encapsulated in PLA-chitosan

(CP) and PLA-PEG-HA/PLA~chitosan (PPHCP) nanoparticles at two different pH values (pH=7.4 and 5).
Accurate and comprehensive analysis of drug release patterns will not only help in better understanding the
performance of drugs but also in designing new formulations and optimizing treatments based on patient
needs

revealed that their size was approximately 350 nm. The sharp peak in the DLS diagram
of the resulting nanoparticle (Fig. 7B) suggested that the nanoparticles were uniform in
size, which is usually favorable for uniform biological behavior and targeted drug deliv-
ery applications. The results of both graphs indicated that the preparation method of
the nanoparticles in this research was appropriate and produced nanoparticles with the
appropriate size and uniform distribution.

The graphical distribution of the zeta potential indicates the electrostatic stability of
the nanoparticles. The zeta potential of the PLA/chitosan/FX nanoparticles demon-
strated that they have an average positive charge (+8.7 mV) (Fig. 7C), and the PPHCP/
FX nanoparticles had a negative zeta potential (— 10.8 mV) (Fig. 7D). The positive poten-
tial of nanoparticles is also important for biological interactions because positively
charged nanoparticles can have better interactions with negatively charged biological
membranes and improve cell uptake.

Drug release pattern

Figure 8 shows the release diagram of the ethanolic extract of E vulgare plants (FX), eth-
anolic extract from a selected callus tissue sample (CFX), essential oil (EO), pure anet-
hole (ANT), and pure quercetin (Que) from PLA—chitosan and PPHCP nanoparticles
at acidic (pH = 5) and neutral (pH = 7.4) pH values. The evaluation of drug release con-
tinued until the cumulative concentration of the released compounds did not change.
According to our results, the release rate of the active substances (FX, CFX, EO, ANT,
and Que) increased at acidic pH values (pH=5). In addition, in both environments
(pH = 7.4 and 5), the release rate of the effective substance from the PPHCP nanopar-
ticles was higher than that from the PLA—chitosan nanoparticles, which indicates that

compounds such as hyaluronic acid increase the release of effective compounds (Fig. 8).
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Table 3 Variance analysis of the ICy, values of different treatments in the Hs578T and SUM159 cell

lines
S.0.vV df MS
Hs578T Cell line SUM159 Cell line
Treatment 16 327 44** 315.98**
Error 34 447 3.63
CV (%) - 7.81 582
* Significance at the one percent probability level
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Fig. 9 IC, values of the Hs578T and SUM159 cell lines treated with PLA-chitosan (CP), PLA-PEG-HA/PLA-
chitosan (PPHCP), ethanolic extract of £. vulgare (FX), ethanolic extract from the selected callus tissue sample
(CFX), essential oil of £. vulgare (EO), quercetin (Que), anethole (ANT), CP/FX, CP/CFX, CP/EQ, CP/Que, CP/ANT,
PPHCP/FX, PPHCP/CFX, PPHCP/EOQ, PPHCP/Que, and PPHCP/ANT

In vitro cytotoxicity
According to the results obtained from the analysis of variance (Table 3), the IC,, values
of the Hs578T and SUM159 cell lines were significantly (p < 0.01) affected by the type of
treatment used (FX, CFX, EO, ANT, and Que), the CP and PPHCP nanoparticles, and
their combinations.

Investigating the IC;, values of the Hs578T and SUM159 cell lines revealed that the
Hs578T cell line was more sensitive than the SUM159 cell line at the same concentra-
tions for each treatment (Fig. 9). According to Fig. 9, the treatment of the Hs578T and
SUM159 cell lines with the PLA—-chitosan and PPHCP nanoparticles had the high-
est IC;, among the different treatments, which indicates that these nanoparticles have
the least effect on living organisms and are suitable for the transfer of the mentioned
compounds.

On the other hand, the use of PLA—chitosan and PPHCP nanoparticles increased the
IC; in both the Hs578T and SUM159 cell lines compared with compounds without
nanoparticles (FX), (CFX), (EO), (Que), and (ANT). In addition, the PPHCP nanopar-
ticles had better and more significant effects on reducing the IC;, values of the com-
pounds (better effectiveness in drug delivery) than did the PLA—chitosan nanoparticles
(Figs. 9, 10).
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Fig. 10 Evaluation of ICy, levels of Hs578T and SUM159 cell lines treated with A PLA-chitosan (CP), B PLA-
PEG-HA/PLA-chitosan (PPHCP), C ethanolic extract of . vulgare (FX), D ethanolic extract from the selected
callus tissue sample (CFX), E essential oil of F. vulgare (EO), F quercetin (Que), G anethole (ANT), H CP/FX, I CP/
CFX, J CP/EO, K CP/Que, L CP/ANT, M PPHCP/FX, N PPHCP/CFX, O PPHCP/EO, P PPHCP/Que, and Q PPHCP/
ANT

Table 4 Effects of FX, CFX, EO, ANT, and Que on the percentages of necrotic, pre-apoptotic, and
post-apoptotic Hs578T and SUM159 cells

S.0.v df MS

SUM159 Cell line Hs578T Cell line

Necrotic  Pre- Post- Necrotic  Pre- Post-

(%) apoptotic apoptotic (%) apoptotic apoptotic

(%) (%) (%) (%)

Treatment 15 0.62%* 121.57** 277% 4.03%* 117.05** 7.89%*
Error 32 0.04 397 0.14 0.06 0.57 0.06
CV (%) - 13.07 1047 7.36 7.09 3.63 443

" Significance at the one percent probability level

Cell apoptosis analysis

The analysis of variance of the treatments (FX, CFX, EO, Que, and ANT), CP and PPHCP
nanoparticles, and their combinations [(CP/FX), (CP/CFX), (CP/EO), (CP/Que), (CP/
ANT), (PPHCP/FX), (PPHCP/CFX), (PPHCP/EO), (PPHCP/Que), and (PPHCP/ANT)]
(at the concentrations obtained from the IC;, test) in Hs578T and SUM159 revealed that
the percentages of necrotic cells and the pre-apoptotic and post-apoptotic stages were
significantly (p < 0.01) influenced by the type of treatment used (Table 4).
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Fig. 11 Effects of PLA-chitosan (CP), PLA-PEG-HA/PLA-chitosan (PPHCP), ethanolic extract of . vulgare (FX),
ethanolic extract from the selected callus tissue sample (CFX), essential oil of £. vulgare (EO), quercetin (Que),
anethole (ANT), CP/FX, CP/CFX, CP/EO, CP/Que, CP/ANT, PPHCP/FX, PPHCP/CFX, PPHCP/EO, PPHCP/Que, and
PPHCP/ANT on A the percentage of necrotic cells, B the pre-apoptotic stage, and C the post-apoptotic stage
in the Hs578T and SUM159 cell lines

According to the results, in terms of the percentage of necrosis in the SUM159 cell
line, no statistically significant difference was observed between most of the treatments.
The highest percentage of cell necrosis of the SUM-159 cell line (2.45%) was related to
the control cell line (no treatment), and the lowest value (0.74%) was related to the treat-
ment of the same cell line with PPHCP/Que. Moreover, in terms of the percentage of
Hs-578T cell line necrosis, a statistically significant difference was observed between the
different treatments (Figs. 11, 12A).

In terms of the percentage of Hs578T and SUM159 Hs578T and SUM159 cells in the
pre- and post-apoptotic stages treated with the different concentrations, we observed a
statistically significant difference overall between the treatments. The highest percent-
ages of cells in the pre- and post-apoptotic stages (34.06% and 8.19%, respectively) nan-
oparticles, especially nanoparticles containing hyaluronic acid (PPHCP), significantly
increased the percentage of Hs578T and SUM159 cells in the pre- and post-apoptotic
stages compared with that of free compounds (without nanoparticles).

Page 19 of 28
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Fig. 12 Flow cytometry data: Hs578T cell line treated; A control treatment, B FX, C Que, D PPHCP/FX, and E
PPHCP/Que; SUM159 cell line treated; F control treatment G FX, H Que, | PPHCP/FX, and J PPHCP/Que

Discussion

Foeniculum vulgare (Apiaceae) is utilized globally for treating diverse health conditions,
such as abdominal pain, arthritis, cancer, constipation, and insomnia (Ghasemian et al.
2020). Phytochemicals such as phenols, alkaloids, terpenoids, flavonoids, glycosides,
tannins, and saponins are present in F vulgare methanol extract (Noreen et al. 2023).
The main compounds are rutin, quercetin, apigenin, ferulic acid, coumaric acid, and caf-
feic acid, which have anti-inflammatory and antioxidant properties (Table 2). Addition-
ally, the essential oil extracted from E vulgare seeds has pharmacological effects, such
as anti-inflammatory, antispasmodic, and antitumor effects. Chemical analysis revealed
that this essential oil contains a-pinene, fenchone, anethole, and estragole (Table 1).

Breast cancer is becoming a growing concern among the female population and sig-
nificantly influences mortality rates. The use of nanoparticles to transfer herbal medici-
nal and antioxidant compounds such as quercetin to cancer cells (targeted drug delivery)
increases their anticancer potential and reduces their side effects (Lan et al. 2019). Flavo-
noids inhibit cancer cells through mechanisms such as activating apoptosis, halting the
cell cycle, and regulating the expression of various genes, such as those in the Bcl2, Bax,
P53, and caspase families, which control tumor growth (Shen et al. 2022). Quercetin acts
as an antigrowth drug compound for MCF-7 cells by reducing P38MAPK phosphoryla-
tion, which is a prominent sign of cell proliferation (Niazvand et al. 2019). The pres-
ence of quercetin in plant compounds affects the G1 phase of tumor cells and causes cell
apoptosis by suppressing the expression of cyclin D1, P21, and Twist in SUM159 cells
(Hasan et al. 2022). In addition, quercetin has been shown to induce the apoptosis and
necrosis of Hs578T cells (Kedhari Sundaram et al. 2019). Quercetin in plant compounds
prevents the proliferation of BT-474 cell lines overexpressing the HER2 enzyme by acti-
vating the caspase-dependent extrinsic apoptosis stage and suppressing STAT3 signaling
(Almatroodi et al. 2021).

In a study conducted by Mohamad et al. (2011), various methods for extracting phy-
tochemical and antioxidant compounds from the ethanolic extract of F vulgare were
assessed. They reported that the methanolic extract from the E vulgare aerial part
impacted the survival and proliferation of MCF-7 cancer cell lines, showing effective-
ness with an acceptable IC;, value (Mohamad et al. 2011). Furthermore, our research
revealed that the essential oil and ethanol extracts from F vulgare aerial parts effectively
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influenced the growth and survival of the Hs578T and SUM159 cell lines. The IC;, value
observed in the Hs578T cell line treated with extracts from naturally growing samples,
as well as essential oil and ethanolic extracts from selected callus samples was lower than
that in the Sum-159 cell line, indicating greater resistance of the SUM159 cell line to the
medicinal compounds.

In recent years, interest in drug delivery systems utilizing nanoparticles as carriers in
the realm of precision medicine for cancer has increased. Nanoparticles, characterized
by their solid nature and sizes ranging from 10 to 1000 nm, have emerged as crucial
elements in this field (Hetta et al. 2023). The design and synthesis of nanoparticles pre-
sent two fundamental challenges, namely, the risk of drug nanoparticles accumulating at
unintended sites and being misdirected by detrimental agents (Shanmugam et al. 2020).

Owing to their significant utility, polymeric nanoparticles have been utilized in a
wide range of fields, such as drug delivery, medical imaging, and early disease detection
(Bourang et al. 2024c). The relatively large surface area of polymeric nanoparticles ena-
bles easy modification with functional groups, enhancing the specific targeting of drugs
in the body (Yao et al. 2020). Moreover, the controlled release characteristics and protec-
tive attributes of polymeric nanoparticles render them highly advantageous, particularly
in the realm of drug delivery applications (Yanat and Schroén 2021).

Chemotherapy drugs include a variety of agents, such as alkylating agents, antimetab-
olites, and antitumor antibiotics, as well as compounds from plants and animals with
antitumor properties and antitumor hormones (Bourang et al. 2024c). Notably, a signifi-
cant drawback of chemical drugs is their non-selectivity, while they target tumor cells,
they inadvertently harm healthy tissue cells (Dhiman et al. 2021). Polymer nanoparticles
serve as an effective solution for addressing these issues encountered in chemotherapy
drug administration. These nanoparticles exhibit notable drug-loading ability, enabling
efficient drug transport, and the ability to target specific cancerous tissues for drug deliv-
ery and regulate the release of drugs (Igbal et al. 2020). Polymeric nanoparticles have the
potential to increase the hydrophilicity of drugs and increase their encapsulation effi-
ciency. This can result in the safeguarding of delicate molecules from degradation and
primary metabolism, as well as the extension of drug half-life throughout the metabolic
process (Lakshmipriya and Gopinath 2021). According to Fang et al. (2021), dextran-
based nanocarriers containing Dox have proven to be a successful method for delivering
drugs to treat malignant lymphoma while minimizing cardio-toxic effects. Initially, dex-
tran reacts with a methyl acrylate monomer with the assistance of cerium ammonium
nitrate as a catalyst, followed by the addition of a diallyl crosslinking agent (Fang et al.
2021).

Biocompatibility is often described as the property of a particular material to be com-
patible with a living tissue or organism (Elmowafy et al. 2019). In general, biocompatibil-
ity is achieved when the interaction between nanomaterials and the host does not lead to
harmful effects such as oxidative stress, DNA damage, mutagenesis, or apoptosis (Islam
et al. 2019). Natural polymers such as chitosan, polyethylene glycol, hyaluronic acid,
and PCL have high biocompatibility due to their biological origin. Natural polymers
offer several benefits, including excellent biocompatibility, controlled enzyme degrada-
tion, specific interactions with certain biomolecules, and ease of modification, making
them highly adaptable for drug delivery applications (Idrees et al. 2020). These naturally
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occurring polymers contain various biological signals, including sequences that promote
cell adhesion, allowing them to be recognized by cells. However, their complex structure
and chemical composition can lead to variability between batches, affecting outcomes
in tissue engineering. The biocompatibility of biomaterials is influenced by both internal
factors related to the material itself and external factors tied to the host and implanta-
tion site. Internal factors that affect biocompatibility include various parameters such as
shape, size, surface chemistry and roughness, design, morphology, porosity, composi-
tion, sterility, duration of contact, and degradation. External factors encompass the host
species, genetic background, implantation site, and surrounding microenvironment.
Together, these factors determine the overall biocompatibility of the implanted material
(Elmowafy et al. 2019).

Due to their biocompatibility, PLA and PEG generate non-toxic and safe degradation
products, making them ideal for various medical and pharmaceutical applications. The
biodegradation process of PLA and PEG-based homopolymers and copolymers involves
their hydrolysis into lactic and glycolic acids, which are eventually eliminated from the
body as carbon dioxide and water. The biodegradation of PLA and PEG-based drug
delivery systems is crucial for regulating the release of loaded drugs (Ramot et al. 2016).
As these polymers degrade and erode, the kinetics of drug release depend on both the
polymer degradation rate and the diffusion of the drug through the polymer matrix.

On the other hand, the use of biocompatible polymer nanoparticles in large quanti-
ties, like other pharmaceutical or non-pharmaceutical compounds in large quantities, is
harmful to the body. For example, in targeted drug delivery using polymer nanoparticles,
if the amount of chitosan used exceeds the normal or usual amount, there is a possibil-
ity of digestive problems (Bor et al. 2016). In addition, when heated, PLA releases an
organic compound called VOC. This compound is non-toxic at low concentrations, but
some people may experience respiratory irritation or other health effects with prolonged
or high exposure.

In this study, PLA-PEG-HA/PLA-chitosan nanoparticles were synthesized suc-
cessfully to deliver quercetin as a drug, and herbal compounds of F vulgare (Ethanolic
extract from aerial part and callus tissues, and essential oil) into SUM159 and Hs578t
breast cancer cell lines. For this aim, first, the ethanol extract and essential oil of E vul-
gare were successfully extracted to assay their anticancer activity in free and encapsu-
lated nanoparticle form in comparison to quercetin.

Dispersion is an important factor in the use of nanoparticles, as the particles can
aggregate in samples that show extensive uniformity (Salama et al. 2020). In this
research, and according to the results obtained from DLS (Fig. 7A, B), the PLA/chi-
tosan/FX nanoparticles have a peak within a suitable range, which indicates uniformity
between the nanoparticles. The size of these nanoparticles was approximately 240 nm.
The size and surface charge of nanoparticles are critical factors in the effective delivery
of drugs encapsulated within them. Research indicates that reducing the size of nano-
particles enhances their ability to be transported to cancer cells. However, nanoparti-
cles smaller than 50 nm may also lead to increased non-specific absorption by normal
cells (Chehelgerdi et al. 2023). This means that while decreasing the size of nanoparticles
under 50 nm can improve their transfer efficiency, it also raises the risk of side effects
due to greater absorption by healthy cells (Di et al. 2021). The size of these PPHCP/FX
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nanoparticles was approximately 350 nm. The presence of a sharp peak in the DLS dia-
gram (Fig. 7B) indicates a uniform structure, which is typically desirable for uniform bio-
logical behavior and targeted and predictable drug delivery.

According to the results obtained in this research, the zeta potential values of the
PLA-chitosan/FX nanoparticles were positive, and those of the PPHCP/FX nanoparti-
cles were negative (Fig. 7C, D). The negative zeta potential of the nanoparticle may be
due to the presence of the hyaluronic acid group in the nanoparticle. A negative zeta
potential is an important factor in the stabilization of a nanoparticle suspension. The
negative zeta potential causes high repulsive forces in the nanoparticle suspension,
which prevents nanoparticle aggregation (Bourang et al. 2024a).

In the research conducted by Noor Alam and colleagues on the development and
characterization of PLGA-HA nanoparticles loaded with Cisplatin, a modest increase
in the size of nanoparticles conjugated with HA was observed compared to PLGA-only
nanoparticles. This increase in size is likely attributed to the incorporation of hyaluronic
acid segments. Additionally, the nanoparticles containing HA exhibited a more negative
zeta potential, which is attributed to the presence of carboxylic acid groups in hyaluronic
acid. Thus, the negative zeta potential observed in these nanoparticles can be linked to
the HA content (Alam et al. 2017).

The efficiency of drug encapsulation and release can be affected by various param-
eters, such as the drug-to-polymer ratio and PVA concentration, when nanoparticles
are prepared via the single-solvent emulsion evaporation method (Hammami and Alab-
dallah 2021). The environment surrounding a tumor is different from that of normal
tissue in terms of acidity. The acidity level of tumor tissue is slightly greater than that
of healthy tissue (Alipournazari et al. 2024). The energy metabolism of cancer cells is
highly dependent on glycolysis, which leads to an increase in the production of lactic
acid. Therefore, tumors are more acidic than normal tissues are (Alipournazari et al.
2024). Our results demonstrated that the release rate of medicinal compounds first
depends on the pH level and then on the type of encapsulated nanoparticle. According
to these results, the possibility of the release of effective compounds and drugs (Que and
ANT) from PPHCP nanoparticles was greater than that from PLA-chitosan. Moreover,
decreasing the pH from 7.4 to 5 allows for better release of effective compounds (Fig. 8).
The enhanced release of Que from PLGA nanoparticles can be explained by the rapid
degradation of PLGA under low pH conditions as a pH-responsive polymer (Silva et al.
2022). Similarly, the release of temozolomide-conjugated PLGA nanoparticles loaded
with cetuximab at pH = 7.4 and pH = 5.4 was investigated, and it was reported that the
optimal drug release from the nanoparticles was found at pH = 5.4 (Senturk et al. 2022).
A controlled increase in the release of active compounds and quercetin from PPCPs at
acidic pH was observed in our study. Our results revealed that under acidic conditions,
PPHCP exhibited a controlled release pattern, and the pH-dependent release of drugs
might help improve the efficiency of PPHCP and increase its cytotoxicity.

Bcl-2 protein family members and caspases are key proteins involved in the process of
apoptosis (Kaloni et al. 2023). Resistance to apoptosis is one of the main characteristics
of cancer cells (Portt et al. 2011). Different studies have shown the effective induction
of cell apoptosis by encapsulating active compounds in nanoparticle systems. A study
by Sethi et al. (2023) demonstrated that nanoparticles loaded with quercetin stimulated
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intrinsic apoptosis more effectively than free quercetin did in liver cancer cells (Sethi
et al. 2023), which is consistent with the results obtained in this research (Figs. 11, 12).
The tumor suppressor p53 acts as an upstream inhibitor of NF-kB, a transcription
factor located in the nucleus that is responsible for regulating inflammatory reactions
(D’Orazi et al. 2021). Increased levels of p53 are believed to potentially suppress NF-kB
transcriptional activity. The anethole compound has been demonstrated to be effective
at exhibiting anticancer properties by inhibiting cell survival, stimulating apoptosis, and
suppressing NF-kB transcriptional activity (Contant et al. 2021). The anticancer and
anti-inflammatory effects of anethole may be facilitated through extrinsic and intrinsic
initiation of apoptosis, inhibition of cell survival, and suppression of NF-kB signaling.

Conclusion

Copolymer nanoparticles are viewed as a viable option for delivering drugs, essential
oils, and plant extracts to address various medical conditions. The findings of the pre-
sent study suggest that PLA—chitosan and PLA-chitosan—HA copolymer nanoparti-
cles exhibit a strong capacity to target E vulgare plant extracts (aerial parts and selected
callus samples), plant essential oils, quercetin, and Anethole compounds specifically
toward cancer cells. Nanotechnology-based delivery systems play a significant role in the
controlled release of anticancer medications. Progress in the fields of biomaterials and
bioengineering has led to the introduction of novel nanoparticle strategies that could
revolutionize cancer treatment. The findings of this study indicate that the synthesized
copolymer nanoparticles possess the ideal size, dimensions, and zeta potential for effi-
cient transportation and infiltration into the SUM159 and Hs578T triple-negative breast
cancer cell lines, thus demonstrating their potential as effective delivery vehicles. Con-
versely, quercetin and anethole, which are favorable antioxidants that facilitate cellular
apoptosis, antitumorigenic activity, and anti-inflammatory properties, can be considered
options for further studies in vivo and in vitro.
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