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T Department of Biology, The present study proposed to design nanostructured lipid carriers (NLC) coated
Mashhad Branch, Islamic Azad with chitosan (CS) conjugated folate (FA) for the targeted delivery of Osthole (OST)

University, Mashhad, Iran to the HT-29 colon cancer cell line and improve its anticancer capability. To assess

the physicochemical characteristics of OST-loaded NLC decorated with CS-conjugated
FA (OST-NCF-NPS), several techniques, including DLS, SEM, and FTIR, were applied. After
determining the encapsulation efficiency of OST in CSFA-modified NLC-NPs, an MTT
test was conducted to evaluate the cytotoxic effects of this nano platform on the HT-29
cancer cell line in comparison to normal HFF cells. Possible mechanisms of apoptosis

in cancer cells treated with OST-NCF-NPs were examined using gPCR, flow cytometry,
and AO/PI fluorescent staining methods. Moreover, the antioxidant capacity of these
biosynthesized nanocarriers was determined using ABTS and DPPH methods, and their
antibacterial potential was measured through disk diffusion, MIC, and MBC assays.
According to the findings, OST-NCF-NPS had the ideal average size of 179.19 nm,

low polydispersity (PI=0.23), acceptable physical stability ((-potential= +18.99 mV),
and high entrapment efficiency (83.5%). The MTT data demonstrated the selec-

tive cytotoxicity of NPs toward cancerous cells compared to normal cells. Cell cycle

and Annexin V/Propidium lodide (AnV/PI) analysis indicated that OST-NCF-NPs
increased the sub-G1 population and AnV/Pl-positive cells. The occurrence of pro-
grammed cell death in the treated cells was also verified by altered expression of proa-
poptotic (BAX and caspase-3) and antiapoptotic (Bcl-2) genes. Furthermore, the NPs
exhibited strong antibacterial activity, particularly against gram-negative bacteria,

and high antioxidant effects in reducing ABTS and DPPH-free radicals.
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OST: Osthole, NLC: Nano-structured lipid carrier, FA: Folic acid, NP: Nanoparticle. Y T

Introduction

Colorectal cancer is a major public health concern in both developed and developing
nations, ranking third in terms of incidence rate among tumor-causing diseases and sec-
ond among the causes of cancer-related mortality (Al-Joufi et al. 2022). The global bur-
den of this malignancy is expected to escalate by 2030, resulting in more than 2.2 million
newly diagnosed cases and over 1.1 million annual deaths (Rawla et al. 2019). Thus, it is
crucial to introduce new preventive strategies to improve existing therapies and address
this important health issue (Ruman et al. 2021). Natural products encompass a vast array
of substances produced by living organisms, characterized by high structural diversity
and low molecular weight. These compounds, whether naturally occurring or syntheti-
cally modified, have been employed as cancer chemotherapy agents, yielding significant
results (Kinghorn et al. 2009). Osthole (OST), a biologically active coumarin compound
found in the Cuidium monnieri plant (Zhang 2015), has been shown to possess potent
antiproliferative properties and can induce apoptosis in multiple types of tumor cells in
numerous studies (Su et al. 2019; Liang et al. 2020; Zhou et al. 2021). Moreover, it has
been observed that OST can inhibit the metastatic spread of cancer cells by prevent-
ing their migration and invasion, making it a promising candidate for cancer treatment
(Zhang 2015). However, the compound’s clinical application faces significant challenges
attributable to its water insolubility and low absorption, which consequently results in
suboptimal bioavailability and efficacy. Therefore, its potential as a cancer treatment
is limited, and alternative delivery strategies are necessary (Kulkarni et al. 2017). Uti-
lizing nanoparticles (NPs) as drug delivery systems appears to be a promising tool to
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overcome most of the limitations of current chemotherapeutic drugs. NPs are typically
several hundred nanometers in size and can offer a new approach to improving cancer
treatment by enhancing drug targeting, reducing toxicity, and improving localized drug
efficacy, leading to better therapeutic results (Kemp and Kwon 2021; Rodenak-Kladniew
et al. 2021). Therapeutic nano-delivery systems have shown multiple positive impacts
over conventional cancer therapies due to their remarkable characteristics, such as
enhanced permeability and retention, reduced toxic effects, and sustained drug release,
leading to improved cellular uptake and delivery (Akinyelu and Singh 2019). Among
them, lipidic nanocarriers have attracted a great deal of attention. These particles are
categorized as solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs)
based on their composition. In NLCs, a small portion of liquid lipids is incorporated
between solid lipids to facilitate the loading of active agents inside the nanocarrier
(Dasineh et al. 2021). Due to the addition of liquid lipids to the solid lipid matrix, the
lipidic core of these particles becomes less organized, resulting in a greater drug load-
ing capacity, enhanced kinetic profiles, and prevention of drug expulsion during stor-
age (Rodenak-Kladniew et al. 2021). Previous studies have reported the effectiveness of
NLC-based delivery systems for transporting hydrophobic compounds to target cancer
cells (Yostawonkul et al. 2017; Fernandes et al. 2018; Selvaraj and Yoo 2019). Modifica-
tion of lipid nanosystems by coating their surface with polymers is a well-known strat-
egy to improve the bioavailability of poorly soluble drugs (Dasineh et al. 2021). Chitosan
(CS), a linear polycationic heteropolysaccharide, has found widespread use in various
pharmaceutical and materials applications due to its abundance, low production cost,
biodegradability, biocompatibility, renewability, and non-toxic nature (Agarwal et al.
2018). The positively charged amine groups of CS can interact electrostatically with the
negatively charged surface of NLCs, leading to a change in surface charge from nega-
tive to positive. This alteration facilitates the active delivery of CS-modified carriers and
increases their affinity for cancer cells with negative surface charges, playing an effective
role in drug delivery to the target cells (Agarwal et al. 2018). On the other hand, specific
receptors for certain ligands are often overexpressed in malignant cells. Formulating the
surface of carriers with these ligands could increase their binding affinity to cancer cells
and improve their uptake through the relevant receptors (Dhas et al. 2015). The expres-
sion of folate receptors is 100—300 times higher in colon cancer cells compared to nor-
mal cells (Ruman et al. 2021). Therefore, folate (FA) can serve as a binding ligand with
high affinity to the surface of cancer cells and enter them through the receptor-medi-
ated endocytosis pathway, enabling the targeted delivery of anticancer drugs (Yang et al.
2013). Several reports have demonstrated that FA-decorated CS can enhance the intra-
cellular delivery of anti-cancer agents in cells overexpressing the folate receptor (Li et al.
2011; Soe et al. 2019; Khan, et al. 2020). Working on this rationale, the hypothesis of the
present study was to design a nano-platform that would facilitate the targeted delivery
of OST. The initial strategy involved the synthesis of OST-loaded NLC-NPs, followed
by surface modification with CS-NPs conjugated with FA moieties, which produced the
novel OST-NCF-NPs delivery system. The formulated NPs were then characterized in
terms of the amount of entrapped OST and particle physicochemical properties. Upon
confirming the successful formation of the NPs, the system’s cytotoxic, apoptotic, anti-
oxidant, and antibacterial activities were examined.
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Experimental design and procedures

Materials

The substances used for encapsulation were purchased from Sigma-Aldrich and
included glyceryl monostearate, oleic acid, tween 80, lecithin, low molecular weight
chitosan (CS), folate (FA), 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC),
and N-hydroxysuccinimide (NHS). Additionally, Sigma-Aldrich supplied the following:
3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT), dimethyl sulfox-
ide (DMSO), phosphate-buffered saline (PBS) tablets, Acridine orange (AO), Propidium
Iodide (PI), Annexin V (AnV) and trypsin. The antioxidant assay required 2,2-diphenyl
1-picrylhydrazyl (DPPH), 2, 2’-azinobis-3-ethyl benzothiazole-6-sulfonic acid (ABTS),
and ethanol, which were acquired from Merck. Materials utilized for cell cultures such
as fetal bovine serum (FBS), penicillin, streptomycin, and DMEM and RPMI cell cul-
ture medium, were met from Gibco. The cell bank of the Ferdowsi College University of
Mashhad provided human foreskin fibroblasts (HFF) and human colorectal adenocarci-
noma (HT-29) for the study.

Preparation of OST-NLC

To prepare OST-loaded NLC, 50 mg of insoluble OST was dispersed in the lipid phase
consisting of glyceryl monostearate as a solid matrix, 100 mL of oleic acid as a liquid
matrix (0.89 g/mL), and lecithin (200 mg/mL) at 80 C. Meanwhile, an aqueous emulsi-
fier phase was prepared by dissolving 40 mL of Tween 80 as a non-ionic surfactant with
60 mL of deionized distilled water at the same temperature. The lipid phase was poured
dropwise into the aqueous phase under high-shear homogenization using an ultrasound
probe sonicator system at 80 ‘C (15 min sonicating at 310 Watt, 8" On 2"" Off). The
homogenized suspension was stirred for 24 h at room temperature and subsequently
centrifuged (Baek et al. 2015).

Preparation of CS-FA

The formation of the CS-FA derivative occurs through the activation of the carboxyl
group of FA, which then undergoes a covalently binds with the primary amino group
of CS leading to the formation of the conjugation (Ojeda-Herndndez et al. 2022). For
this, 20 mg of FA was completely dissolved in 50 mL of DMSO solution, followed by
the addition of NHS (100 mM) and EDC (100 mM) while stirring continuously for 1 h.
The by-product (dicyclohexylurea) was subsequently filtered out (Bano et al. 2016). In
the next step, the resulting mixture was slowly added dropwise to 50 mL of CS solu-
tion (in 1% acetic acid) with a pH of 4.7 under constant stirring for 24 h. To complete
the process, the pH was brought to 9.0 by adding aqueous sodium hydroxide and
dialysis with phosphate buffer and deionized distilled water. The resulting precipitate
was then centrifuged, dialyzed, and lyophilized. To prevent FA from decomposing, all
reactions were carried out in the absence of light (Naghibi Beidokhti et al. 2017; Li
et al. 2016).
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Fabrication of OST-NCF-NPs

To modify the surface of OST-NLC, the CSFA powder was solubilized in 1% acetic acid
and added in fine drops to the OST-NLC-NPs dissolved in deionized distilled water.
After 3 h of incubation with constant stirring, the formed particles’s dispersion was cen-
trifuged. The supernatant containing unencapsulated OST was decanted and used for
evaluating the percentage of encapsulated OST and the obtained sediment was stored in
the refrigerator for further biological studies.

Entrapment efficiency

The amount of free OST in OST-NCF-NPs was evaluated by an indirect absorbance
method (Mathew et al. 2010). For this, 3 ml of the supernatant collected during the cen-
trifugation in the previous section (Sect. "Fabrication of OST-NCF-NPs") was taken in
a cuvette, and the absorbance value at 220 nm wavelength was recorded with a Techoc-
omp UV1100 spectrophotometer using the supernatant of their corresponding blank
NPs as a basic correction. Then, the absorption of different concentrations of OST dis-
solved in deionized distilled water measured, and its standard curve was plotted. Finally,
the entrapment efficiency (EE%) was calculated according to the equation below:

total amount of OST in the initial dispersion — free OST in the supernatant

EE% = x 100

total amount of OST in the initial dispersion
(1)

The particle size, hydrodynamic diameter (z-average), polydispersity index (PDI), and

Characterization procedures

surface charge ({-potential) of OST-NCF-NPs were measured using dynamic light scat-
tering (DLS) at a detection angle of 90° and 25°, by a Malvern ZetaSizer Nano ZS90.
Samples (1 mg) were resuspended in deionized distilled water (10 mL) and sonicated
before to measurements (Esfandiarpour-Boroujeni et al. 2017). The morphological
behavior (shape and size) of OST-NCF-NPs was determined utilizing a Mira3 field emis-
sion scanning electron microscope (FESEM). To prepare samples for imaging, a few
drops of the dispersed NPs were sprayed onto an aluminum foil. The water was then
allowed to evaporate at room temperature. Before being examined under the micro-
scope, the dry particles were coated with a conductive gold and magnified between
10,00 and 40,000 (Wang et al. 2015). To analyze the structure of NPs, a Fourier trans-
form infrared (FTIR) spectroscopy was performed using a Bruker, Tensor 27 IR spectro-
photometer in a wavenumber range of 400-4000 cm™'. A hydraulic press was used to
mix 1 mg of NPs with 200 mg of potassium bromide powder and form a compact pellet,
which was placed in the sensor of the instrument for the spectrum recording (Janard-
hanam et al. 2020).

Cell culture

Since the HT-29 cell line was identified to be the most sensitive after evaluating the
toxicity of the biosynthesized particles against various lines of cancer cells in com-
parison with control (HFF cells), it has been chosen as the cancerous model in this
study to investigate the potential of the OST-NCF-NPs. To initiate the cell culture, a
population density of HT-29 cancerous cells (~ 8 x 10* cells/cm2) and the HFF normal
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control cell line were seeded in RPMI and DMEM cell culture media, respectively,
supplemented with 10% FBS and 1% antibiotics. Subsequently, the cells were thor-
oughly examined under a sterile cabinet and then incubated at a temperature of 37 C
in an environment with 5% carbon dioxide and 95% humidity.

Cytotoxic activity of OST-NCF-NPs

By performing an MTT experiment under a dose-dependent treatment protocol, the
toxic potential of the synthesized carrier system and its half-maximal inhibitory con-
centration (ICy,) for HT-29 and HFF cell lines were evaluated (Maji et al. 2014). The
principle underlying this method involves the cleavage of the tetrazolium rings of the
MTT component (light yellow) by mitochondrial succinate dehydrogenase, leading
to the formation of formazan crystals (dark purple), indicating metabolically active
cells (Yuan et al. 2010). To perform the study, an optical density (~5 x 10% cells/well)
of each cell line was first seeded in an eight-column culture plate in three replicates
(N=3), and the cells were allowed to proliferate undisturbed overnight. Next, the
cultured cells were exposed to a range of doses of OST-NCF-NPs (31.2, 65.5, 125,
250, and 500 pg/mL) serially, with negative control groups having no NPs included
in the experiment. After 48 h of incubation, the old medium was removed, fresh
medium supplemented with MTT solution was added to the wells, and the cells were
incubated for an additional 3 h. To solubilize the formed formazan crystals, a new
medium containing DMSO replaced the previous one and was mixed vigorously for
10 min. Finally, using a Statfax-2100 ELISA microplate reader, the medium’s absorb-
ance was measured at 570 nm, and the percentage index of cell viability (CV%) was
determined according to the following equation.

OD of the test sample

CV% =
°~ OD of the control sample

100 @)

Apoptotic activity of OST-NCF-NPs

Quantitative PCR assessments of apoptosis-related genes

To analyze the effects of OST-NCF-NPs on apoptosis-related genes, such as cas-
pase-3, B-cell lymphoma-2 (Bcl-2), and Bcl-2-associated X protein (BAX), a real-time
polymerase chain reaction (QPCR) was performed based on the protocol presented
by Tabatabaein et al. (Tabatabaeain et al. 2022). The HT-29 cancer cells (1 x 10°) were
initially seeded in 25 cm? flasks (N=3) and allowed to incubate for 24 h. Following
this, the cells were exposed to the IC;, concentrations obtained from the MTT assay
(65 and 115 pg/mL) for 48 h. No treatment was performed in the culture flask of the
control group. The treated cells were subjected to transcriptome extraction using the
Norgen RNA purification kit, and their complementary DNA (cDNA) library was
prepared using the Parstous reverse transcription kit according to the recommended
instructions of the respective manufacturers. Table 1 displays the sequences of prim-
ers that were optimized for cDNA using AlleleID 6 software. The housekeeping gene,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was employed to standardize
the target gene expression. A mixture of cDNA, specific primers, Amplicon SYBER
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Green, and deionized distilled water was prepared with a final volume of 20 pL for
the qPCR reaction, which was carried out in a Biorad CFX96 real-time thermal cycler.

Finally, qPCR efficiency was calculated based on the standard curves.

Flow cytometry analysis of apoptosis

The potential effect of OST-NCF-NPs on alterations in cell cycle distribution and the
induction rate of apoptosis in HT-29 cells was investigated using flow cytometry analy-
sis. This widely used method in both research and clinical settings identifies cells and
evaluates their properties based on light scattering and fluorescence emission by fluo-
rescent dyes. For cell cycle analysis, logarithmic phase cells were plated in a 6-well cul-
ture dish for 24 h and exposed to different concentrations of OST-NCF-NPs obtained
from the MTT assay (65 and 115 pg/mL). The untreated culture plates served as con-
trols. After 2 days of incubation, the treatment medium was washed with 500 pL of PBS,
and trypsin (300 pL) was used to detach the cells. The cell-containing suspension was
centrifuged (6 min), and the cell sediment was mixed with 300 uL of PI dye (1 mg/5 mL
PBS+0.2% Triton X100) and kept on ice in the dark for 30 min. The cells were then
assessed using a FACScan laser flow cytometry (Sabzichi et al. 2017). The exact apopto-
sis rate in HT-29-treated cells was quantified through the Annexin V/Propidium lodide
(AnV/PI) staining method described by Sarawat et al. with slight modifications (Saraswat
et al. 2020). Treated HT-29 cells were washed twice with ice-cold PBS (500 uL), detached
in the presence of trypsin (300 uL), and collected in separate microtubes as above. Con-
trol cells received no OST-NCEF-NPs treatment. Post this, the cells (5 uL) were stained
with 1 pL of AnV along with 1 pLof PI dyes and kept under dark conditions for 20 min
before analysis with the flow cytometer.

Fluorescence microscopy-based viability assay

To examine apoptosis and differentiate between viable and non-viable cells, a test involv-
ing staining with AO/PI was conducted. This test is based on the emission of fluores-
cent colors in green and orange-red wavelengths, respectively (Liao et al. 2016). As a
procedure similar to flow cytometry, cultured cells were subjected to various doses of
OST-NCEF-NPs (65 and 115 pg/mL) and moved to microtubes following the trypsiniza-
tion process. The harvested cells (5 pL) were then combined with a nucleic acid-binding
dye solution consisting of 1 pL of AO and 1 pl of PIin PBS and incubated for 5 min. The
resulting mixture was placed on a slide and examined under an OLYMPUS fluorescence

microscope.

Table 1 The primer sets of the forward and reverse sequences that used for amplifying the targeted

genes
Genes Forward Reverse

Caspase-3 */CTGGACTGTGGCATTGAGACY > ACAAAGCGACTGGATGAAY
BAX YTTTGCTTCAGGGTTTCATCCAY Y/CTCCATACTGTCCAGTTCGTY

Bcl-2 /CAGATAGGCACCCAGGGTGATY S CATGTGTGTGGAGAGCGTCAACY




Hosseini Torshizi et al. Cancer Nanotechnology (2024) 15:7 Page 8 of 22

Antioxidant activity of OST-NCF-NPs

To determine the antioxidant potential of OST-NCF-NPs, the absorbance values of two
different free radicals, ABTS and DPPH, were assessed in the presence of these NPs
(N'=3) utilizing a UV1100-Techcomp UV-Vis spectrophotometer, as described previ-
ously (Lin et al. 2021). A solution of ABTS cation radicals was produced by combining
ABTS (7 mM) and potassium persulfate (2.45 mM) in 5 mL of deionized distilled water
and incubated for 16 h in the dark at room temperature. Subsequently, a mixture con-
taining a diluted solution (with an absorbance of 0.70£0.02 at 734 nm) and solutions
with different concentrations of OST-NCF-NPs (500, 250, 125, 62.5, and 31.2 pg/mL)
were prepared, and incubated at 37 °C in a dark environment for 40 min before measur-
ing the absorbance values at 734 nm. To generate DPPH cation radicals, an ethanolic
DPPH solution (2.4 mg in 38.4 mL ethanol) was prepared and then mixed in equal parts
with varying concentrations of OST-NCF-NPs (500, 250, 125, 62.5, and 31.2 pg/mL) and
stirred. The reaction solution was incubated under the same conditions as the ABTS
assay, and the samples were subjected to absorbance measurement at 517 nm. To ensure
accuracy, both assays were repeated thrice (N=3), and the control group was prepared
by combining ABTS and DPPH with deionized distilled water. The antioxidant activity
(AA %) of OST-NCE-NPs was determined using the formula given below.

OD of the test sample — OD of the control sample

AA% =
0 OD of the test sample

x 100 3)

Antimicrobial potential of OST-NCF-NPs

To evaluate the efficacy of OST-NCF-NPs against both gram-negative and gram-
positive bacteria, various procedures were employed, including the Kirby-Bauer disk
diffusion, Minimum Inhibitory Concentration (MIC), and Minimum Bactericidal
Concentration (MBC) assays, all performed in triplicate (N=3). The Kirby-Bauer disk
diffusion assay was conducted by first preparing a bacterial suspension, which was
then used to inoculate a Muller-Hinton agar plate with a sterile swab. After uniform
distribution of bacterial culture on the agar surface, sterilized disks were immersed
in 500 pg/mL of OST-NCEF-NPs for 1 min, then implanted on the agar surface with
standard distances. The size of the zone of inhibition surrounding each disk was
measured in millimeters after 24 h of incubation at 37 “C. The negative control was
a sterile distilled water disk, while gentamicin was used as a positive control (Ajitha
et al. 2014). The micro broth dilution technique was used to determine the MBC and
MIC of OST-NCE-NPs. Based on the preliminary study results, OST-NCF-NPs in
concentrations ranging from 0 to 500 pg/mL (0, 31.2, 62.5, 125, 250, and 500 pg/mL)
were serially diluted in sterile MHA in each well of a 96-well microplate. Bacterial
suspensions (100 pL) were inoculated into each well, and the microplate was incu-
bated at 37 “C for 24 h. The lowest concentration of OST-NCF-NPs required to inhibit
microbial growth was identified as the MIC. To assess microbial growth, the absorb-
ance at 620 nm was measured before and after incubation using a spectrophotometer.
To determine the MBC, 100 pL of the content from wells showing no growth was
added to MHA culture media without OST-NCF-NPs and incubated at 37 °C for 24 h.
After incubation, the plates were examined for growth, and the lowest concentration
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Fig. 1 Characterization data of OST-NCF-NPs. A Size dispersion by intensity. B Surface charge. C FESEM
electron micrograph. D FTIR diagram. All measurements were performed in triplicate (N=3). OST-NCF-NPs
Nanostructured lipid carriers coated with chitosan conjugated folate nanoparticles containing Osthole, DLS
Dynamic light scattering, PDI Polydispersity index, FTIR Fourier-transform infrared spectroscopy, FESEM Field
Emission Scanning Electron Microscopy

of OST-NCF-NPs required to kill microorganisms was defined as MBC (Najafi et al.
2021). Chloramphenicol antibiotic powder was used as the control.

Data analysis

The statistical analysis was conducted by utilizing the SPSS software version 26. All
the data were presented as the mean value & standard deviation. To determine the
statistical difference between the groups, the LSD test was applied after conducting a
one-way analysis of variance (ANOVA). Any dissimilarities were acknowledged at the
minimum significant level of less than 0.05.

Study results

Physicochemical characterization

The z-average of OST-NCEF-NPs, a reliable index of the size of NPs, was measured at
179.19 nm, and the width of their diameter distribution, or the so-called PDI value
was equal to 0.23 (Fig. 1A). Considering that the PDI value below 0.25 implies a fairly
narrow size distribution, it can be said that the NPs have a monodisperse formulation
(Lakshmi and Kumar 2010). To predict the long-term physical stability and release
kinetics of OST-NCEF-NPs, we measured their surface charge or (-potential, which
was reported to be 4+ 18.99 mV (Fig. 1B). Electrostatically stabilized nanosuspensions
with pronounced (-potential values, typically around £30 mV, tend to accumulate
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less due to electrostatic repulsion between particles of the same charge, resulting in
greater stability (Fan et al. 2014). However, we used both electrostatic (lecithin) and
steric (Tween 80) stabilizers for the stabilization of NLCs. Hence, considering that
further coating the NLCs with CS-FA can enhance their stability through surface
layer hydration, the measured electric charge of +18.99 mV is sufficient to prevent
aggregation of this colloidal stabilized system (Tamjidi et al. 2013; Tamyjidi et al. 2014).
Three-dimensional FESEM micrographs revealed the presence of the spherical OST-
NCEF-NPs with a smooth surface and uniform size distribution of particles, which is
in agreement with the defined size (Fig. 1C). The recorded FTIR diagram of OST-
NCE-NPS provides basic information about the functional groups and possible chem-
ical interactions between the different components (Fig. 1D) (Hashemi et al. 2020).
The characteristic band at 3313.31 cm™! is attributed to the combined effect of the
OH and NH groups. Two distinct absorption peaks at 2922 cm ™! and 2855 cm™! were
observed due to C-H vibration. The wavelengths at 1737.17 cm™! and 1572.16 cm™*
are typical of stretching due to the vibrations of C=0 bonds. In addition, the bend-
ing vibration of C-H bonds can be seen at 1465.35 cm™!. The presence of these spe-
cific peaks in the structure proves the successful encapsulation of OST in the carrier
system and indicates that there is no chemical interaction between the components.

Entrapment efficiency

After conducting a calibration curve analysis of varied concentrations of OST, the
results reveal a linear relationship with a slope of y=0.5115x+ 0.0187, corroborated
by a high correlation coefficient of 0.9835 (Fig. 2). The amount of free OST was cal-
culated by substituting the numbers into the linear relationship. Using the formula
given in Sect. "Antioxidant Capacity", it was found that the entrapment of OST was
83.5%, showing the application potential of the delivery system.

Cell cytotoxicity assessment

A dose-dependent treatment plan was implemented to assess the cytotoxicity of
OST-NCF-NPs using an MTT assay. The results revealed a significant reduction in
the survival rate of HT-29 cancer cells with increasing doses of OST-NCF-NPs, and
higher doses led to a greater decrease in viability (p-value<0.001). Specifically, at a
concentration of 31.2 pg/mL of OST-NCEF-Ns, only 4% of cancer cells were inhibited.



Hosseini Torshizi et al. Cancer Nanotechnology (2024) 15:7 Page 11 of 22

A =2 120
8 100
% 80 sk _—
=
e 60
S 40
2 20 Hokok ok
= 0 = -
:'§ 0 31.2 62.5 125 250 500
°>\o HFF 100 100 100 99.23 98.2033 | 97.1667

HT-29 100 96.78 63.07 47.3733 59 1.9933

Concentrations (pg/ml)
mHFF mHT-29

] L

Fig. 3 Cytotoxic effects of OST-NCF-NPs. A Viability rate of HT-29 and HFF cell lines in comparison to control
after exposure to various OST-NCF-NPs concentrations (31.2,62.5, 125, 250, and 500 pg/mL). The treatment
resulted in reduced cell viability, indicating the specific toxic effect of OST-NCF-NPs on the HT-29 cell line.

B The morphology of treated HT-29 cancer cells under specific OST-NCF-NPs doses (65 and 115 pg/mL)
compared to the untreated group. The *** denotes the level of a statistical significance level of <0.001.
(N=3). OST-NCF-NPs: Nanostructured lipid carriers coated with chitosan conjugated folate nanoparticles
containing Osthole; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

However, as the treatment concentration increased to 62.5, 125, 250, and 500, the
inhibition rate rose to 37%, 53%, 94%, and 98%, respectively (Fig. 3A). To determine
the safe, non-toxic doses of OST-NCF-NPs, human HFF cells were chosen as a nor-
mal control cell line. No cytotoxic effects were observed on the normal HFF cells
under the same treatment plan. This suggests that OST-NCF-NPs have a notable tis-
sue-dependent cytotoxic effect on the HT-29 cell line, exhibiting a dual role of being
toxic and non-toxic depending on the treatment doses. However, further studies with
different cell lines are necessary to confirm its cell-dependent cytotoxicity. The ICy,
value of OST-NCEF-NPs, representing the half-maximal inhibitory concentration,
was measured at 115.08 pg/mL, indicating that the toxic doses of this system on can-
cer cells are non-toxic and safe for normal cells. Two doses, 115 pug/mL and 65 pg/
mL, were selected to evaluate the apoptosis-inducing properties of OST-NCF-NPs.
Microscopic observation of the morphology of HT-29 cells treated with these doses
revealed apoptotic bodies, indicating cell damage compared to the untreated group
(Fig. 3B).
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Cell death type verification

gPCR assay for apoptotic-related gene expression analysis

The dose-dependent treatment of HT-29 cells with OST-NCF-NPs resulted in the
upregulation of pro-apoptotic genes (BAX and caspase-3) and downregulation of
the anti-apoptotic gene (Bcl-2) compared to the control group (Fig. 4). The overex-
pression of the caspase-3 gene was observed only at a concentration of 115 pug/mL
(p-value <0.001), while BAX gene expression increased substantially at both concen-
trations of 65 pg/mL (p-value <0.05) and 115 pg/mL (p-value<0.001). A comparison
of anti-apoptotic Bcl-2 gene expression in treated and untreated cells showed a sig-
nificant decrease in the mean concentration of the NPs (p-value <0.05). These results
imply that OST-NCF-NPs can induce cell death by triggering apoptotic pathways in
the HT-29 cancer cell line.

Flow cytometry assay for cell death rate and cell cycle distribution analysis

To measure the exact apoptosis rate in HT-29 cells on exposure to OST-NCF-NPs,
the apoptosis quantification was evaluated using the flow cytometric AnV/PI method.
The analysis plots demonstrate the percentage distribution of necrotic cells (Q1: PI 4,
AnV-), late apoptotic cells (Q2: PI+, AnV +), early apoptotic cells (Q3: PI-, AnV +),
and viable cells (Q4: PI-, AnV-). The total apoptosis was calculated as the sum of
early and late apoptosis. The data indicated that the rate of apoptosis in HT-29 cells
treated with 65 pg/mL and 125 pg/mL of OST-NCF-NPs increased by 25.9% (12.8%
late apoptosis + 13.1% early apoptosis) and 25.11% (5.61% late apoptosis + 19.5% early
apoptosis), respectively, compared to that in the control cells (Fig. 5A). These findings
confirmed the induction of apoptosis in effective concentrations of OST-NCF-NPs.
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Fig.5 The flow cytometric analysis data of the HT-29 cell line following treatment with 65 and 115 pg/

ml of OST-NCF-NPs in comparison to the control. A The cell death rate of HT-29-treated cells. Treatment of
HT-29 cells at a dose of 65 and 115 pg/mL for 24 h resulted in 25.59% and 25.11% apoptotic cells compared
to untreated cells. Apoptotic cells (Pl-, AnV +) were plotted as a percentage of the total cell population. The
numbers represent the percentage of viable cells (Q4), early apoptotic cells (Q3), late apoptotic cells (Q2), and
necrotic cells (Q1). B) Cell cycle distribution in HT-29-treated cells. Exposure of cells to OST-NCF-NPs increased
the proportion of apoptotic cells as reflected by the sub-G1 peak. (Experiments were repeated in triplicate,
Mean = SD). OST-NCF-NPs Nanostructured lipid carriers coated with chitosan-conjugated folate nanoparticles
containing Osthole, AnV/PI Annexin V/Propidium lodide

To further verify the cell death type in HT-29-treated cells, the next step involved
detecting cell cycle cessation through PI staining. DNA degradation during apoptosis
makes the Sub-G1 peak an indicator in cell cycle analysis. The results demonstrated
massive DNA degradation, as evidenced by an increase in the ratio of cells in the Sub-
G1 phase of the cell cycle at the IC;, concentrations of OST-NCF-NPs compared to
the control group (Fig. 5B). In HT-29 cells that received no treatment, the percentage
of cells in the sub-G1 phase was 11.8%. After treatment with 65 pg/mL OST-NCE-
NPs, the sub-G1 population climbed to 33.1%, and it further increased to 51% at a
concentration of 115 pg/mL. This observation indicates increased apoptosis in these
cells with an increase in the dosage of OST-NCF-NPs.

AO/PI Fluorescent staining

The findings of the AO/PI cell staining experiment reveal that the impact of OST-
NCE-NPs on the viability and cell membrane integrity of the HT-29 cell line
depends on the concentration of the treatment, exhibiting a dose-dependent man-
ner. The untreated group manifested a colonized and healthy morphology, with all
cells stained green, attributed to the AO dye’s entrance into the plasma membrane
of viable cells (Zahedifard et al. 2015). In contrast, the treated groups displayed a
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Control 65 pg/ml 115 pg/ml.L

Fig. 6 Morphological changes of HT-29 cells during a 24-hour treatment plan with 65 and 115 pug/ml of
OST-NCF-NPs compared with the untreated group confirmed the presence of apoptotic cells. In the control
sample, cells exhibited a healthy, living state. However, the presence of yellow and orange/red cells indicated
the occurrence of apoptosis. (N=3, Mean =+ SD). OST-NCF- NPs: Nanostructured lipid carriers coated with
chitosan-conjugated folate nanoparticles containing Osthole

significant reduction in green colonies, accompanied by a medley of cells turning
yellow-orange. This transmutation is attributed to the PI dye’s infiltration into the
nuclear matter of damaged membranes, implying the presence of both early and late
apoptotic cells (Fig. 6) (Alhajamee et al. 2022).

Antioxidant capacity

The data of the DPPH and ABTS tests demonstrate that OST-NCF-NPs possess a potent-
free radical scavenging ability in a manner that is completely dependent on the applied
dose (p-values<0.001). It is worth noting that the inhibitory activity of OST-NCF-NPs
was more pronounced than that of ABTS in targeting DPPH-free radicals (Fig. 7). In
particular, the IC;, value, indicating the concentration of the compound required to
inhibit half of the free radicals, was reported to be 198.61 pg/mL and 91.56 pug/mL in the
ABTS and DPPH assays, respectively.

Antibacterial measurements

The antibacterial activity of OST-NCF-NPs against different gram-positive and gram-
negative bacteria was analyzed through disk diffusion, MIC, and MBC assays and
depicted in Table 2. According to the outcomes of the disk diffusion method, the inhi-
bition zones for Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseu-
domonas aeruginosa were measured as 10+0.82 and 13.3+0.47 mm, 14 mm, and
16.7 £0.47 mm, respectively, signifying the potency of the NPs against these strains. Adi-
tionally, OST-NCF-NPs exhibited a superior antibacterial effect on the Gram-negative
Pseudomonas aeruginosa compared to the Gram-positive (Fig. 8). The results of the MIC
and MBC assays showed that OST-NCEF-NPs exhibited a notable killing effect on the
gram-negative bacteria at 31.25 pg/mL of MIC and 62.5 pg/mL of MBC concentrations.

Discussion

The strategy of applying nanotechnology to plant extracts has made a remarkable con-
tribution to treatment strategies, enabling the potentiation of the action of plant
extracts, promoting sustained release of active constituents, reducing the required
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dose, decreasing side effects, and improving activity (Bonifacio 2014). Ostole (OST), a
coumarin compound, has been shown to exhibit antiproliferative properties such as
promoting apoptosis, cell cycle arrest, inhibiting cell proliferation, triggering DNA
damage, inducing the production of ROS as well as antibacterial activity against gram-
negative and gram-positive bacteria (Sun et al. 2021). The chemical stability and bioa-
vailability of this compound are compromised by its low solubility in aqueous solutions,
which restricts its therapeutic uses (Wang et al. 2019). Nanoscale drug delivery systems
have the potential to improve the biological activity of herbal compounds and over-
come the problems associated with conventional plant-based medicines (Bonifacio
2014). Recent research has demonstrated a variety of nanocarriers, including polymeric
and lipid-based cargos, can improve the anticancer effectiveness of several chemothera-
peutic agents (Zhang and Misra 2019). Hence, this study focused on developing nano-
structured lipid carriers (NLCs) decorated with chitosan (CS) conjugated folate to
encapsulate OST (OST-NCEF-NPs). The objective was to evaluate their biological per-
formance in in vitro experiments. Nanocarriers must be formulated properly to protect
the cargo from degradation, achieve prolonged circulation, avoid reticuloendothelial
system uptake, and efficiently deliver to the target cells (Kemp and Kwon 2021). There-
fore, the newly synthesized system underwent characterization of important factors
such as size dimensions, PDI value, surface charge, surface chemistry, and shape using a
variety of techniques. DLS measurements exhibited the formation of nanosized parti-
cles with an average diameter of 179.19 nm and a uniform size distribution (PDI=0.23).
In drug delivery approaches, the size of nanocarriers directly impacts their in vivo cel-
lular uptake, excretion, and overall biological performance (Lakshmi and Kumar 2010).
It has been suggested that particles with a diameter of 150-200 nm are favorable for
passive targeting mechanisms, thus exhibiting a higher tendency to accumulate more
efficiently in tumor microenvironments in vivo. Nanocarriers of this size can extrava-
sate through vascular fenestrations of tumors and avoid filtration in the spleen, while
still being large enough to prevent uptake in the liver (Aslan et al. 2013). Therefore, the
evaluated size distribution for OST-NCEF-NPs is convenient for biological applications.
Another important parameter that affects the cellular uptake and stability degree of
OST-NCE-NPs is the surface charge or the {-potential value which was measured by
the DLS method at+18.99 mV (Fig. 1A). The positively charged surface property of
OST-NCE-NPs potentially increases their tendency to bind to cancer cells with a nega-
tive surface charge and enables them to interact with cell membranes more efficiently
(Bashiri et al. 2020). Also, given that a surface charge of approximately+20 mV was
reported to be sufficient for the formation of stable NLC-NP nanoparticles, OST-NCE-
NPs can be considered stable (Truong et al. 2022; Sadeghzadeh et al. 2023a). The
FESEM images showed special particles and the FTIR spectroscopy spectrum con-
firmed the compatibility among components of NPs (Fig. 1C). The EE% of OST-NCE-
NPs was found to be 83.5% (Fig. 2), which is relatively high and consistent with previous
studies on CS-coated NLCs (Ling et al. 2019; Lee et al. 2017). According to the physico-
chemical characteristics of the synthesized nanoparticles, it can be said that the formu-
lation of OST-loaded NLC-modified CS-FA (OST-NCF-NPs) is a suitable carrier for
effective drug delivery, especially with its positive surface charge that enhances their
interaction with negative charge cancer cells. The synthesized drug delivery system was
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tested for its potential cytotoxicity against colon cancer cells using the MTT method,
and the results showed that they were selectively toxic to cancer cells because they sig-
nificantly inhibited HT-29 cancer cells while showing no toxicity to HFF cells (Fig. 3).
The targeted delivery of OST-NCF-NPs is likely due to the presence of FA, enabling the
active targeting of these particles. This strategy relies on molecular recognition and lev-
erages the overexpression of FA receptors on the surface of colon cancer cells. Once
conjugated with FA receptors, OST-loaded nanocarriers are rapidly internalized into
the cells through receptor-mediated endocytosis. Various FA-decorated polymer and
liposomal nanocarriers have been developed to enhance drug uptake by cancer tissue
(Li et al. 2011; Soe et al. 2019; Khan, et al. 2020). These experiments demonstrate that
FA receptors can be effectively targeted for selective drug delivery by nanocarriers con-
jugated with FA. By utilizing FA-conjugated CS-NPs for the targeted delivery of ursolic
acid to the MCEF-7 breast cancer cell and taking advantage of the overexpressed FA
receptors on the surface of these cells, Jin et al. observed enhanced cytotoxicity of this
system in MCF-7 cells compared to ursolic acid alone. Furthermore, in vivo experi-
ments indicated a reduction in breast cancer burden in the MCF-7 xenograft mouse
model using this system (Jin et al. 2016). Likewise, Yang et al. reported that CS-conju-
gated FA could be an ideal vector for carrying 5-aminolaevulinic acid (5-ALA) to
enhance the detection of colon cancer cells (Yang et al. 2010). Hence, it can be sug-
gested that decorating the surface of NPs with FA is a safe and effective approach to
diminish off-target effects and increase local drug concentrations. This can lead to the
use of low doses in cancer treatment, which, in turn, will decrease undesirable side
effects. Since our MTT assay and microscopic images were indicative of a reduction in
the population of cancerous cells, for the next step, we aimed to verify the type of cell
death by qPCR, fluorescent microscopy, and flow cytometry methods. The evasion of
apoptosis, a highly regulated form of cell death, is a prominent hallmark of cancer that
facilitates tumor development and allows neoplastic cells to survive beyond their
intended lifespans. Tumor cells can acquire resistance to apoptosis through the expres-
sion of antiapoptotic proteins such as Bcl-2 or the downregulation of proapoptotic pro-
teins such as BAX and caspases (Hassan, et al. 2014). Hence, the qPCR assay was
utilized to examine the expression of genes associated with apoptosis, allowing us to
gain a better understanding of the mechanisms of this programmed cell death. Accord-
ing to the qPCR results, the expression of BAX and caspase-3 genes was increased in
HT-29 cells after treatment with OST-NCEF-NPs, showing the pro-apoptotic potential
of the synthesized particles (Fig. 4). This supports other mechanistic explorations on
the apoptotic effects of NLCs and CS-coated NLCs, in which boosted levels of cas-
pase-3 gene expression in MCF-7 cells were reported for Resveratrol-loaded NLCs and
Resveratrol-loaded CS-NLCs (Elgizawy et al. 2021). The qPCR data also displayed a
substantial decrease in Bcl-2 gene expression in HT-29 cancerous cells following OST-
NCE-NPs treatment (Fig. 4). In line with this, Yostawonkul et al. documented the nega-
tive regulation of Bcl-2 by a CS-coated NLC-based vehicle containing alpha-mangosteen
(Yostawonkul et al. 2017). Next, the quantification of apoptotic cells in the early and
late stages was evaluated via annexin/PI assay. Since the apoptotic cells flip their inner
side phosphatidylserine to the outer membrane, they can be recognized via binding of
the protein annexin to this phospholipid. As our results illustrated, the percentage of
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Table 2 The antibacterial activity of OST-NCF-NPs against pathogenic bacteria strains (Bacillus
subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa) in disk diffusion, MIC,
and MBC

Disk Diffusion MIC MBC
OST-NCF-NPs  Gentamicin OST- Chloramphenicol OST- Chloramphenicol
NCF-NPs NCF-NPs
Bacillus 10£0.82 mm 22mm 250pg/  5upg/mL 500 pg/ 10 pg/mL
subtilis mL mL
(PTCC
1365)
Staphy- 133047 mm 2874047 mm 125pg/  5pug/mL 250 pg/ 10 pg/mL
lococcus mL mL
aureus
(ATCC
25923)
Escheri- 14 mm 2274047 mm  3125pg/ 5pg/mL 62.5pug/  10ug/mL
chia coli mL mL
(ATCC
25922)
Pseu- 16.7+£047 mm 21 mm 31.25pg/ 5upg/mlL 62.5pug/  10ug/mL
domonas mL mL
aerugi-
nosa
(ATCC
9027)

(N =3). OST-NCF-NPs Nanostructured lipid carriers coated with chitosan-conjugated folate nanoparticles containing Osthole,
MIC The minimum inhibitory concentration, MBC Minimum bactericide concentration

apoptotic cells in the HT-29 treated cell line was elevated by about 25% in comparison
with the control (Fig. 5A). Zhang et al. assessed the apoptotic induction of NLC-loaded
Genistein (GEN-NLC) and NLC-coated CS containing GEN (GEN-NLC-CS) on HLE
cells using annexin-based flow cytometry. Their results revealed a concentration-
dependent apoptotic profile for both GEN-NLC and GEN-NLC-CS. However, the
coated NLCs exhibited a higher percentage of apoptotic cells at each corresponding
concentration level (Zhang et al. 2014). In addition to this, the results of the study by
Geethakumari et al. on the population profile of FA-conjugated CS loaded with cytara-
bine in MCF-7 showed a significant increase in the percentage of apoptotic cells com-
pared to cytarabine alone (Geethakumari et al. 2022). Apoptotic cell death was detected
at the next level, demonstrating a significant and dose-dependent increase in the ratio
of cells in the Sub-G1 phase of the cell cycle at OST-NCF-NPs concentrations com-
pared to the control group (Fig. 5B). This result aligns with previous findings, wherein
the treatment of MCF-7 with CS-FA-coated stylosin NLCs resulted in a significant aug-
mentation of the sub-G1 population, indicative of small DNA fragments (Sadeghzadeh
et al. 2023b). To further confirm that the observed sub-G1 phase resulting from OST-
NCE-NPs treatment was due to its apoptosis-inducing characteristic, AO/PI staining
was employed (Fig. 6). The results revealed an augmentation in the number of apop-
totic cells and associated morphological changes indicative of apoptosis, which agrees
with formly findings of Sadeghzadeh et al. (Sadeghzadeh et al. 2023a). Disruption of
redox homeostasis contributes to multiple human diseases, including cancer. Resetting
redox homeostasis with antioxidants presents a promising strategy to prevent tumori-
genesis or inhibit cancer progression (Luo et al. 2022). Antioxidants are chemical
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substances that neutralize free radicals by donating one of their electrons, preventing
the free radical from taking electrons from other molecules (Singh et al. 2018). Our
results indicate a significant concentration-dependent increase in ABTS and DPPH-
free radical scavenging due to OST-NCEF-NPs treatment (Fig. 7). Previous documenta-
tion reveals that OST exhibits an antioxidant effect by selectively inhibiting scavenging
ROS and inhibiting lipid peroxidation (Ji et al. 2010). These studies suggest that OST
can suppress the production of prostaglandin, nitric oxide, and malondialdehyde, while
also decreasing the release of reactive oxygen metabolites (Liao et al. 2010; Rohmah
et al. 2022). Therefore, it can be concluded that the antioxidant potential of this natu-
rally occurring active compound is well-preserved within the developed nanocarriers.
As shown by Rohmah et al. NLC-based systems efficiently encapsulate active com-
pounds like OST (Rohmah et al. 2022). Further research demonstrates that OST-NCE-
NPs exhibit antibacterial properties, with greater effectiveness against gram-negative
than gram-positive bacteria (Table 2). Similar outcomes were reported in a recent study
that evaluated the antioxidant potential and antibacterial activity of CS-lecithin NPs
modified with PEG and folic acid (FA). The biosynthesized NPs showed substantial
antioxidant and antibacterial effects against gram-negative bacterial strains (Hashemy
2023), comparable to those observed for OST-NCF-NPs.

/" Bacillus subtilis Staphylococcus aureus

Escherichia coli

Fig. 8 Comparison of bacterial inhibition of OST-NCF-NPs and gentamicin antibiotic in Disk diffusion
method. (N=3, Mean = SD). OST-NCF-NPs: Nanostructured lipid carriers coated with chitosan-conjugated
folate nanoparticles containing Osthole
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Conclusion

The use of bioactive plant compounds as cancer therapeutics is widely known, yet con-
ventional delivery techniques are constrained by their off-target side effects. Drug deliv-
ery to tumor sites is now more precise thanks to the development of nanomedicines and
the manufacturing process and surface modifications have a great impact on the biologi-
cal and physical properties of these drug delivery systems. In this research, we focused
on developing a nanocarrier based on CS-FA-coated NLC to enhance the solubility, sta-
bility, and targeted delivery of OST to colon cancer cells. The synthesized nanocarrier
exhibited a selective and stronger killer effect on cancer cells, including apoptosis via
cycle arrest and activating the intrinsic apoptotic pathway at clinically relevant concen-
trations. In addition, the NPs demonstrated remarkable antioxidant and antibacterial
activity. These results highlight the potential of OST-NCEF-NPs as a viable therapeutic
agent for colon cancer treatment. However, to fully establish the safety and efficiency of
this NLC-modified system, additional in vitro experiments (e.g., 3D spheroids test, cel-
lular uptake, drug release, hemolysis assay), in vivo studies, and additional colon cancer
cell lines are necessary.
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