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1. Introduction disease have also played a role in the onset of HCC [4].
At the cellular level, the pathogenesis of HCC is complex
and involves multiple molecular abnormalities, including
disruptions in the cell cycle, chromosomal instability, mod-
ulation of the immune response, transition of epithelial cells
to a mesenchymal state, dysregulation of microRNAs, and
an increase in the population of HCC stem cells. Rutin
(RT) is a natural flavonoid found in medicinal herbs and
is known for its potent antioxidant, anti-inflammatory, and
anticancer possessions [5]. It has demonstrated therapeutic
potential in various types of cancer, including liver cancer,
primarily due to its strong antioxidant capabilities [6]. How-

Hepatocellular carcinoma (HCC) is a highly prevalent and
deadly condition on a global scale, accounting for 85% of
all liver cancer instances [1]. This disease is linked to sub-
stantial morbidity and mortality [2]. While cirrhosis is a
primary risk factor for liver cancer, chronic infections with
hepatitis B and hepatitis C viruses are widely recognized
as significant factors contributing to the development of
HCC [3]. Furthermore, exposure to harmful substances,
alcohol intake, consumption of tainted foods, and the pres-
ence of metabolic disorders such as non-alcoholic fatty liver
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ever, a significant limitation is its poor solubility in water
and low oral absorption, which hinders its effectiveness in
cancer treatment. Recently, advancements in nanotechnol-
ogy have led to the development of nanoparticles (NPs),
which have become increasingly valuable in the fields of
biology and medicine [7]. These NPs are solid, spherical
structures with a size of approximately 100 nm and are con-
sidered submicron-sized colloidal particles [8]. Solid lipid
nanoparticles (SLNs) are a type of lipid-based nanocarrier
with a solid core that can accommodate both hydrophilic
and hydrophobic drugs. They are typically composed of
biocompatible materials [9]. Solid colloidal drug delivery
systems offer several advantages, including controlled drug
release, prevention of drug leakage, low toxicity, and ex-
cellent biocompatibility [10]. Furthermore, prior research
has demonstrated that SLNs have the potential to enhance
drug bioavailability by influencing drug dissolution and can
be employed to enhance the distribution of drugs within
tissues. The literature discusses the use of different poly-
mers for making polymeric nanoparticles, and among them,
copolymers like PURASORB PDLG 5002A, which is a
GMP-grade copolymer composed of equal parts of DL-
lactide and glycolide, terminated with carboxylic acid, with
an inherent viscosity midpoint of 0.2 dl/g in a 50/50 molar
ratio, have gained attention [11]. PDLG nanoparticles are
recognized for their ability to augment the solubility and
stability of drugs. They can biodegrade into lactic acid and
glycolic acid monomers, which are further metabolized by
the body through the Krebs cycle and eliminated as car-
bon dioxide and water [12]. Consequently, they have very
low systemic toxicity in biological systems. Various pieces
of literature highlight the use of PDLG nanoparticles for
encapsulating different anticancer drugs and their effica-
cious delivery, both in vitro and in vivo settings [13, 14].
Molecular docking and dynamics studies are computational
methods cast off to forecast the binding of small molecules,
such as drugs, to explicit receptors on the surface of cells
[15-23]. In the context of hepatocellular carcinoma (HCC),
these studies can be used to identify potential new drug
targets for treating this type of liver cancer [24, 25]. Dock-
ing simulations predict the binding of a small molecule
to a receptor by analyzing the interactions between the
atoms of the molecule and the receptor [26-29]. Dynamics
studies, on the other hand, can be used to predict how the
molecule and receptor interact over time. Together, these
techniques can provide important information about the po-
tential efficacy and safety of new drugs for treating HCC
[30, 31]. The importance of conducting this research lies
in its potential to significantly advance the treatment of
hepatocellular carcinoma (HCC), a leading cause of cancer-
related deaths worldwide [26]. HCC, accounting for 85%
of all liver cancer cases, is associated with high morbidity
and mortality rates, and current treatment options, partic-
ularly in advanced stages, are limited [27]. This research
is crucial for addressing this global health challenge by ex-
ploring the therapeutic potential of rutin, a natural flavonoid
with strong antioxidant, anti-inflammatory, and anticancer
properties. However, rutin’s poor solubility and low oral
absorption limit its clinical effectiveness, making it essen-
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tial to develop advanced drug delivery systems that enhance
its bioavailability [28]. Nanotechnology offers a promising
solution, with nanoparticles such as solid lipid nanoparticles
(SLNs) and polymeric nanoparticles improving the solubil-
ity, stability, and controlled release of drugs. By investi-
gating rutin-loaded lipid and polymeric nanoformulations,
this research aims to develop more effective and targeted
therapies for HCC. Additionally, molecular docking and
dynamics studies provide insights into drug-receptor inter-
actions, helping to identify new drug targets and optimize
nanoparticle-based delivery systems. This research not only
bridges the gap between theoretical predictions and practi-
cal applications but also contributes to the development of
personalized medicine by tailoring treatments to the specific
molecular characteristics of a patient’s cancer [29]. Ulti-
mately, the findings from this study could pave the way for
future research in cancer nanomedicine, inspiring further ex-
ploration of natural compounds and nanotechnology-based
approaches in oncology. This research aims to compare
molecular interaction, the design of the rutin-loaded lipid
and polymeric nanoformulations and to assess the invitro
consequences.

2. Materials and methods

2.1 Gathering of small molecules and protein

The objective of this investigation with the gather nat-
ural and synthetic active agents applied for targeting
HCC. A total of 8 active agents illustrated in (Ta-
ble 1) were gathered from the PubChem database
https://pubchem.ncbi.nlm.nih.gov/ as .sdf file and it is
converted as a 3D coordinated file using the BIOVIA
discovery studio v 2021. Further, the target HCC dis-
ease proteins CD44 (4PZ3), folate receptors (51ZQ), and
(5ABD-VEGF) were transferred from the RCSB database
https://www.rcsb.org/ in a gz set-up [30]. This secondary,
crystal structure of the human CD44 hyaluronan binding
domain (PDB ID: 4PZ3) of the protein, the crystal structure
of the human folate receptor alpha domain (PDB ID: 51ZQ),
and the crystal structure of human VEGFR-1 DOMAIN
2 (PDB ID: VEGF) was fitted in the graphical space of
the Discovery studio software and exposed for the energy
minimization progression [31].

2.2 Refine and minimize the protein and ligand through
optimization

Fewer energy molecules are only constant in nature as
well as in our bodies. It was decided to use CHARMm
and a smart minimizer method to achieve the stability of
molecules and proteins. The initial potential energy and
RMS of the molecule and the protein are calculated by the
force field. The smart minimizer also employs two algo-
rithms: steepest descent and conjugated gradient. These
algorithms finish the parameter mentioned in (Table 2) and
reduce energy at the atomic level [32].

2.3 Software and c-docker modules

To study the atomic level interaction pattern between the
micro molecules and proteins, Discovery Studio v17 simu-
lation software was used. Minimization and C-Docker mod-
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Table 1. Structure of different anticancer agents intended for HCC.

Name of anticancer agents Chemical Structure

Name of anticancer agents Chemical Structure

H
N<T»H

oM,

F Y onowow "

g
Hon

F \ﬂ/ [\N

ar o0 o Ny
" M M

Sorafenib
Quercetin
H-O, H H
H
H-0 n HoH
Resveratrol
Rutin

Regorafenib

Curcumin

Hesperidin

Lenvatinib

ules were used to study the complete interpretation of the
interaction and energies of the complex [33]. As a start, the
CHARMM force field was applied to 8 ligands, (Collected
from PubChem) and three proteins (folate receptor 51ZQ,
5ABD-VEGEF, and CD44 - 4PZ3) in the pre-preparation of
docking to calculate potential energy and correct the errors
in atomic levels [34]. In the second step, the energy of
molecules was minimized to local minima using the smart
minimizer algorithm of the spherical cut-off method with
the 5000 maximum steps, 0.1 RMS gradient, and 14.0 °A
non-bonded radius shown in (Table 3). Further, the active
site of the protein was selected based on the PDB site record.
The c-docker module algorithm was used with the follow-
ing conditions to predict the best binding molecule with the
various proteins.

2.4 Molecular dynamics studies

The stability of Rutin docked complex of (CD44- 4PZ3),
(folate receptors -51ZQ), and (SABD-VEGF) was inves-
tigated using Desmond module of Schrodinger 2021-4 by
performing a 100 (ns), with a recording trajectory interval of
100 (ps) and 1000 number of confirmations was generated
and analyzed. NPT ensemble was used with temperature

Table 2. Represents the Parameter setup for the Energy minimization.

Name of the Parameter Setup value

Input Ligands Molecules
Input force field CHARMm
Minimization Algorithm  Smart Minimizer
Max Steps 2000
RMS Gradient 0.01
Dielectric Constant 1
Nonbond List Radius 18.0

Partial Charge Estimation =~ Momany-Rone

300k and pressure of 1.03215 bar. RESPA integrator times
step was kept at 2.0 (fs) with coulombic interaction cut-
off the radius of 9 °A. MD (Guo et al., 2010) simulation
study. The composite in the explicit solvent structure with
an OPLS3 force field was studied using the Desmond mod-
ule of Schrodinger 2021-4 [35].

3. Materials

Purasorb PDLG 5002 A, a copolymer composed of car-
boxylic acid-terminated 50:50 DL-lactide: glycolide with
an inherent viscosity midpoint of 0.2 dl/g, was generously
provided by Corbion Purac in Amsterdam, The Netherlands.
This copolymer was used in the production of nanoparticles.
Various other materials, including PVA (with a molecular
weight range of 30,000-70,000 and 87-90% hydrolysis ~
Polysorbate 80, as well as acetone, and phosphate-buffered
saline (PBS), were procured from Sigma Aldrich located
in St. Louis, MO, USA.” Emulsifiers Compritol® 888
and Gelucire® 50/13, as well as co-emulsifier Labrafil®

Table 3. Represents parameters and setting for the C-Docker protocol
settings for docking.

Protocol Setting
Input receptor 51ZQ, SABD, 4PZ3
Input ligands biomolecules
Top selection 10
Pose cluster radius 0.1
Random conformations 10
Molecular dynamics steps 1000
Target temperature 1000
Incorporate electrostatic interactions TRUE
Orientations for refinement 10
Maximum unfavorable orientations 800
vdW energy threshold for orientation 300
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M2125CS, were obtained as a gift sample from Gattefosse
in Saint-Priest, France. Rutin (RT) was procured from Car-
banio suppliers. The HCC cell lines Hep 3B, acquired from
the American Type Culture Collection (ATCC) in Manassas,
VA, were cultured in a minimal essential medium (MEM).
All culture media were accompanied by 10% fetal bovine
serum (FBS), penicillin (100 units/mL), and streptomycin
(100 pg/mL), and the cells were maintained in a humid
environment at 37 °C with 5% CO,.

3.1 Preparation of Rutin-loaded polymeric nanoparti-
cles (RTPNs)

A mixture of 5 to 10 mg of Purasorb® PDLG 5002 A and
0.5 to 4 mg of Rutin was liquefied in 0.5 to 1.0 mL of ace-
tone while being stirred using a magnetic stirrer. A water
phase, ranging from 2.0 to 4.0 mL in volume, was prepared
with an aqueous solution (0.5 to 2.0% w/v) containing emul-
sifying agents like polysorbate 80 and poly (methacrylic
acid sodium salt). This water phase was added all at once
to the organic phase. Subsequently, the organic solvent was
allowed to evaporate at room temperature and 1 bar pres-
sure with continuous stirring over a 12-hour period. The
resulting nanoparticles were then subjected to centrifugation
(Eppendorf 5424 R, Hamburg, Germany) for 25 minutes,
washed three times, and redispersed in an identical capacity
of purified water [36].

3.2 Preparations of Rutin-loaded solid lipid nanoparti-
cles (RTSLNs)

The production of RTSLN was accomplished using the
high-energy, in this method separate aqueous and oil phases
were fabricated. The oil phase, consisting of Compritol
(1500 mg), labrafil (150 mg), Gelucire (1350 mg), and
Rutin 60 mg, was heated and maintained at 80 °C until
complete melting. Concurrently, the aqueous phase (20 mL
of PBS) was gradually added to the oil part at the equivalent
temperature (80 °C) while vigorously stirring at 10,000
rpm for 10 minutes using an Ultra-Turrax T25 (IKAWerke,
Saufen, Germany). The resulting product was ultimately
dispersed in PBS and further homogenized or subjected to
sonication with a solvent [37].

3.3 Morphology estimate using transmission electron
microscopy (TEM) analysis

Morphological analysis of RTSLNs and RTPNs was carried
out using Transmission Electron Microscopy (TEM) at the
central instrumentation facility (SCIF) of SRM Institute
of Science and Technology in Chennai, India. To prepare
the samples for TEM evaluation, a drop of the sample was
appropriately diluted (1:20) in dual distilled water and sited
on a copper grid layered with a membrane. Subsequently
allowing the surplus liquid to drain, the system was left to
air-dry at room temperature. Subsequently, the nanoformu-
lations were examined using High-Resolution Transmission
Electron Microscopy (HR-TEM) with a JEOL-JEM 2100
Plus instrument in Tokyo, Japan [38].
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3.4 Measurement of the hydrodynamic size (HD), poly-
dispersity index (PDI), and zeta potential

The hydrodynamic diameter, polydispersity index, and zeta
potential of RTPNs and RTSLNs were assessed over a 120-
day period using Dynamic Light Scattering (DLS) with a
Zeta Sizer (Nano ZS, Malvern Instruments, UK) at 25 °C.
These dimensions were conceded subsequently the tasters
were diluted with distilled water at a 1:20 ratio [39].

3.5 Drug entrapment efficiency and drug loading

To find out the drug entrapment efficiency, percent entrap-
ment efficiency (% EE) and percent drug loading (% DL)
were found. The developed nano-formulations were eval-
uated by centrifuging the sample at 30 °C and 15000 rpm
for 30 min. After centrifugation, the free amount of SFB
present in the supernatant was determined by UV-Vis spec-
trophotometer at 257 nm. The following equations were
used for %EE and %DL for the nano-formulations of RT-
PLNs and RTSLNs [40].

Entrapment efficiency(EE%) =

Weight of RT in Nano-formulations

. - — x 100
Weight of RT used in Nano-formulations

Drug loading(DL%) =

Weight of RT in Nano-f lati
_ Weight o in Nano ormualons><100

Weight of Nano-formulations

3.6 Fourier transform infrared spectroscopy (FTIR)

The alterations in the functional clusters of the samples were
examined through Fourier transform-infrared spectroscopy
(JASCO 6300) at the central instrumentation facility of
Crescent Institute of Science and Technology in Chennai,
India. FTIR spectra for PDLG 5002 A, Compritol 888, RT,
RTPLNs, and RTSLNs were acquired using the ATR (at-
tenuated total reflections) method. The FTIR spectra were
composed over the 4000-400 cm~! range with a resolution
of 4 cm™!, averaging 50 scans [41].

3.7 In vitro drug release

To assess the drug liberation of encapsulated NP solutions
of RTPNs and RTSLNSs (each with a volume of 10 mL) con-
taining an equivalent concentration of 0.1 mg/mL, they were
subjected to dialysis in phosphate-buffered saline (PBS, 50
mL, pH 7.4, with 0.2% Tween 80). Dialysis was carried
out using tubes with a molecular weight cutoff of 14 kD
(Spectrum), which were unremittingly agitated in an orbital
shaking water bath at 37 °C. At specific time intervals, the
release medium was taken out, and the new medium was
replenished. The quantification of the released drug from
the RTPLN and RTSLN was performed using a UV-Vis
spectrometer (Shimadzu, UV-2700) at a wavelength of 257
nm. Additionally, drug release outlines were predictable by
dialyzing in contradiction of PBS (pH 7.4) in the occurrence
of 20% (v/v) FBS [42]. The dissolution study of RTPNs and
RTSLNs was conducted using a USP Type II dissolution
apparatus in an acidic phosphate buffer (pH 5.5) to simulate
liver cancer cell conditions. Both formulations, equivalent
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to 5 mg of rutin, were added to 900 ml of buffer at 37 &
0.5 °C, with the paddle speed set at 100 rpm. Samples were
withdrawn at regular intervals (0 to 6 hours), filtered, and
analyzed using UV-Visible spectrophotometry at a A4, of
358 nm. The drug release (% DR) for each sample was
calculated, and the dissolution profiles of both formulations
were compared to determine their performance under acidic
conditions.

3.8 MTT assay

The cytotoxicity of RTPNS and RTSLNs was evaluated
in vitro using an MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide) assay. Initially, cells were
seeded in 96-well plates with flat bottoms, with a cell den-
sity ranging from 4000 to 5000 cells per well, and were
then incubated at 37 °C for 24 hours. Subsequently, dif-
ferent concentrations of CPT-11, free Rutin, RTSLNSs, and
RTPNs-formulated nanoparticles were introduced to the
cells, followed by an additional 72-hour incubation at 37
OC. After this incubation period, 30 uL of MTT solution
(5 mg/mL in PBS) was applied to each well. Four hours
later, the resulting purple MTT-formazan crystals were sol-
ubilized by adding 100 uL of DMSO. The absorbance in
each well was predicted at 490 nm using a microplate reader
(Multiskan FC, Thermo Scientific) [43].

3.9 Assessment of toxicity of nanoformulations

Cell toxicity was assessed using NIH3T3 mouse embryonic
fibroblast cells. These cells were grown in Dulbecco’s mod-
ified Eagle’s medium, supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin, and were maintained
at 37 °C in a moistened incubator with 5% CO,. Seeding
was conducted in 96-well plates at a concentration of 10,000
cells/well. After a 24-hour incubation period, spent media
was substituted with new media. Subsequently, samples of
nano-formulations, specifically RTSLNs and RTPNs, were
introduced, and the cells were incubated for 24, 48, or 72
hours. Control experiments that did not involve the addition
of nanoparticles were also set up for comparative analysis.
Cell viability was evaluated using Alamar Blue’™ assays
from Biosource, which measure cell proliferation by detect-
ing metabolic activities. To ensure the reproducibility of
results, the experiments were repeated three times for each
experimental condition [44].

3.10 Fluorescent cell studies

This method was used to determine the chromatin conden-
sation by finding apoptotic cells. SLNPs and RTPNs treated
with 96-well plates were used to grow cells (~1 x 106 cell-
s/mL) and incubated with Hoechst dye (16.23 mM solution
1:2000 in PBS) for 5 min. The dye binds mainly with the
adenine (A) — thymine (T) rich DNA regions and produces
blue fluorescence when excited by UV light at 350 nm. A
negative control without nanoparticles is also tested in the
same conditions [45].

3.10.1 Cell death assessment by (acridine orange/ethid-
ium bromide) AO/EB fluorescence staining

HepG3B cells were propagated at a concentration of 0.5 to

2.0 million cells per milliliter and were incubated for 24
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hours with synthesized RTPNs and RTSLNs. Trypsiniza-
tion was then used to harvest the cells, and centrifugation
was used to extract the resultant cell pellet. Before starting
the process of microscopical quantification, 1 uL of AO/EB
solution was used to stain the cell pellet, which was recon-
stituted in cold PBS. A quick assessment was done on the
sample. Ten microliters of the cell solution were put on a
microscope slide, sealed with a coverslip, and viewed under
a fluorescence microscope fitted with a fluorescein filter and
a 60X objective. In doing this investigation, almost 300
cells were observed [46].

3.10.2 HO (Hoechst assay for apoptotic nuclei)

This work used the Hoechst assay, which measures chro-
matin condensation to identify apoptotic nuclei. At a density
of about one million cells per milliliter, cells were grown
in 96-well plates that had been pre-treated with RTPNs and
RTSLNs. After that, they were exposed to Hoechst dye
(16.23 mM solution, diluted 1:2000 in PBS) for a duration
of five minutes. When UV light is applied at 350 nm, the
dye mostly attaches to DNA sections rich in adenine (A)
and thymine (T), and it releases a blue fluorescence. The
same experimental conditions were applied to the control
sample with nanomedicines [46].

4. Results and discussions

4.1 Molecular interaction studies

The force field and minimization algorithm run on the pro-
teins 5IZQ, SABD, and 4PZ3 resulted in a stable energy
level of -110,394 kcal/mol, -17,200.20 kcal/mol, and 19,537
kcal/mol for and binding pocket algorithm generated the
red color spherical binding pocket for all the three proteins
shown in (Fig. 1 A, 1B and 1 C) and the CHARMm-based
docking protocol run resulted in the best binding possess
of molecule in the cavity of all the three proteins. The
docking of 8 bioactive molecules run showed that, the nat-
ural molecule Rutin formed the proper conformation by
the active site amino acid with an affinity level of -44.5015
kcal/mol, -46.8331 kcal/mol, and -42.6949 kcal/mol for all

Figure 1. A. Secondary structure of protein 5IZQ with the binding pocket.
B. Secondary structure of protein 4PZ3 with the binding pocket. C. Sec-
ondary structure of protein SABD with the binding pocket.
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Table 4. Multiple energy parameters and the docking energy associated with the interactions between drug molecules and proteins.

Name Initial potential ~ Initial RMS  Electrostatic ~ Final potential vdW Final RMS Dock
energy gradient energy energy energy gradient energy

51ZQ -29,001 2,020.03 -113,874 -110,394 -11,386 1.07351 -
Curcumin 56.0782 34.5349 -40.9531 -24.9732 1.63772 0.00922 -22.9231
Hesperidin 265.266 40.5662 -32.2194 42.6945 -4.8129 0.00924 -17.7401
Lenvatinib 1,260.09 85.1318 -50.0869 -10.7878 8.4321 0.00941 -16.9617
Quercetin 71.9823 42.9541 -17.7776 -6.85907 1.69704 0.00999 -25.5015
Regorafenib 159.698 102.029 -42.8235 -13.9488 6.29573 0.00911 -30.8701
Resveratrol 45.5756 40.4805 -8.1863 2.4899 4.40981 0.00868 -27.8654
Sorafenib 145.157 79.9524 -32.2128 -4.50478 6.15224 0.00914 -31.1768
Rutin 650.295 550.589 -36.2585 -29.9889 79.4350 0.00909 -44.5015

5ABD 38,022.70 2,729.84 -17,431 -17,200.20 -2,031 1.19381 -
Curcumin 56.0782 34.5349 -40.9531 -24.9732 1.63772 0.00922 -6.50728
Hesperidin 265.266 40.5662 -32.2194 42.6945 -4.8129 0.00924 -33.6498
Lenvatinib 1,260.09 85.1318 -50.0869 -10.7878 8.4321 0.00942 -32.3458
Quercetin 71.9823 42.9541 -17.7776 -6.85907 1.69704 0.00999 -1.80832
Regorafenib 159.698 102.029 -42.8235 -13.9488 6.29573 0.00911 -20.2518
Resveratrol 45.5756 40.4805 -8.1863 2.4899 4.40981 0.00868 -7.65347
Rutin 650.295 550.589 -36.2585 -29.9889 -9.4350 0.00909 -46.8331
Sorafenib 145.157 79.9524 -32.2128 -4.50478 6.15224 0.00914 -20.4914

4PZ3 -9,314.01 35.1472 -20,150.50 -19,537 -2038.58 0.96438 -
Curcumin 56.0782 34.5349 -40.9531 -24.9732 1.63772 0.00922 -4.31644-
Hesperidin 265.266 40.5662 -32.2194 42.6945 -4.8129 0.00924 -1.43313
Lenvatinib 1,260.09 85.1318 -50.0869 -10.7878 8.4321 0.00941 -5.75118
Quercetin 71.9823 42.9541 -17.7776 -6.85907 1.69704 0.00999 -6.86304
Regorafenib 159.698 102.029 -42.8235 -13.9488 6.29573 0.00911 -9.46703
Resveratrol 45.5756 40.4805 -8.1863 2.4899 4.40981 0.00868 -16.7463
Rutin 650.295 550.589 -36.2585 -29.9889 -9.4350 0.00909 -42.6949
Sorafenib 145.157 79.9524 -32.2128 -4.50478 6.15224 0.00914 -11.9874

the given three proteins tabulated in (Table 4).

The natural molecule Rutin formed 6 different categorized
interactions inside the binding pocket of the 5I1ZQ recep-
tor illustrated in (Fig. 2 A). Totally 4 active site amino
acids formed conventional hydrogen bonds with the oxygen
and hydrogen atoms of the Rutin molecule and ARG F:
39 formed carbon-hydrogen bonds with the atoms of the
Rutin molecule. Similarly, alkyl interactions were formed
by PRO F: 194 amino acid, and 7 ¢ interaction generated
with the LYS D: 30 significantly played a role in binding
with a final dock energy of -44.5015 tabulated in (Table 4).
The Rutin molecule generated 6 different categorized in-
teractions inside the binding pocket of the SABD recep-

(8)

tor illustrated in (Fig. 2 B). A total of 9 active site amino
acids formed conventional hydrogen bonds with the oxy-
gen and hydrogen atoms of the Rutin molecule, and three
amino acids LYSA : 171, PROB : 173, and GLYA : 203
formed 6 carbon-hydrogen bonds with the atoms of the
Rutin molecule. Similarly, Vander Waals interactions were
formed by 12 amino acids, and three different kinds of 7
interactions were generated by TYRA: 199, ILEC: 142, and
LYSB : 200 amino acids. Fig. 2 C explicated the best bind-
ing molecule of Rutin with protein 4PZ3 making more than
12 interactions. And four kinds of networks with active
site amino acids. Specifically, the conventional hydrogen
bond interaction created between ASNB : 120, PHEB 56,
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Figure 2. A. Interaction of active site amino acids of the protein 4PZ3 with Rutin B. Interaction of energetic site amino acids of the protein SABD with
best-interacting molecule Rutin. C. Interaction of active site amino acids of 4PZ3 with best-interacting molecule Rutin.
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Figure 3. Molecular dynamics simulations outcomes of Protein-ligand interactions. (A) RMSD of natural molecule Rutin with 5IZQ protein receptor; (B)
RMSD interaction of Rutin with SABD protein receptor. (B) RMSD between 4PZ3 protein receptor and Rutin molecule.

THRB : 133, and ASPB : 134 with hydrogen and oxygen
atoms of Rutin. The carbon-hydrogen bond was generated
with amino acids PROB : 124 and SERB : 122 in addition
m-anionic and alkyl bonds were formed by two amino acids
VALB : 132, and ASPB : 128 with the aromatic ring of
Rutin. The Rutin molecule validated a remarkable ability
to engage in diverse and specific interactions within the
binding pockets of all three receptors, namely SIZQ, SABD,
and 4PZ3. These findings highlight Rutin’s potential as a
highly effective binding compound, supported by a variety
of interaction types, further underlining its impending value
in various biomedical applications and drug development.

4.2 Molecular dynamics studies

4.2.1 Protein-ligand RMSD for 51ZQ, SABD, and 4PZ3
proteins

The root mean square deviation (RMSD) analysis of the sim-
ulation runs between the 51ZQ, SABD, and 4PZ3 proteins
with Rutin molecule. Fig. 3 A elucidates that the protein
51ZQ and Rutin molecule start stabilizing at the time of
16 ns and completely stabilizing at 42 ns. Similarly, with
5ABD, the molecule starts stabilizing at the time of 35 ns
and up to the complete simulation run Fig. 3 B. Finally,
with 4PZ3 Fig. 3 C illustrates that the protein and Rutin
molecule starts stabilizing at the time of 7 ns and completely
stabilizing at 62 ns. The outcomes ratify that Rutin forms
the high-alleviating compound with all three proteins. The
results confirm that Rutin forms the more stable complex
with all three proteins. The observed RMSD patterns in-
dicate that Rutin’s interactions with these proteins lead to
progressively more stable conformations.

(A) (8)

ASF
RMSF (A)

Residue Index

Residue Index

=

4.2.2 Protein-Ligand RMSF for 5IZQ, SABD, and 4PZ3
proteins

The root mean square fluctuations (RMSF) of the amino
acids are shown in (Fig. 4 A, 4B, and 4 C). The Protein
51ZQ of amino acids fluctuation proved that the residues
18, 50-54, 58.72-74, 77-80,85, 91-95, 97-99,105, 128-132,
165-168 modified the energies of a complete complex of
protein after binding with the Rutin molecule elucidated in
(Fig. 4 A). Also changes the folding of protein to form stable
Rutin — 5IZQ conformations. Fig. 4 B revealed the protein
5ABD amino acids fluctuation proved that the residue 15,
38-40, 41-47, 65-67, 70-74, 88-94, 136-140, 142, 144, 147,
160-165, 167, 188-190, 195-202, and 294 modified the en-
ergies of a complete complex of protein after binding with
the Rutin molecule. Also changes the folding of protein
to form stable Rutin — SABD conformations. Similarly,
Fig. 4 C reveals that 4PZ3 amino acids fluctuation such
as 103, 160, 165,1 80-189, 249-256, 259-261, 262-265,
267-270, modified the energies of a complete complex of
protein after binding with the Rutin molecule. Also changes
the folding of protein to form stable Rutin — 4PZ3 confor-
mations. The RMSF analyses confirmed that Rutin forms
highly prominent complexes with all three proteins 51ZQ,
5ABD, and 4PZ3. These interactions were characterized
by substantial fluctuations in energy for specific amino acid
residues, which not only modified the overall energies of
the protein complexes but also influenced the folding of the
proteins. This insight emphasizes the potential of Rutin as a
key constituent in stabilizing the conformations of these pro-
tein complexes and highlights its promise in various health
applications.

(c

RMSF (A)

Residue Index

Figure 4. Molecular dynamics simulations effects of Protein-ligand interface. (A) RMSF of natural molecule Rutin with 5IZQ protein receptor; (B)
RMSF of SABD protein receptor with drug molecule. (C) RMSF between the Rutin molecule and 4PZ3 protein receptor.
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4.2.3 Ligand protein contacts for 5I1ZQ, SABD, and
4PZ3 proteins

The simulation interaction analysis depicted how Rutin es-
tablishes stable interactions with three different protein com-
plexes 51ZQ, SABD, and 4PZ3. These interactions include
the formation of hydrogen bonds, hydrophobic interactions,
and ionic interactions, facilitated by the presence of wa-
ter bridges. In the case of the 5IZQ complex, Rutin was
observed to create these stable interactions by primarily en-
gaging with the hydroxyl groups of the amino acids within

Habeeb et al.

51ZQ, with water bridges serving as mediators mentioned
in (Fig. 5 A & 5 B). The specific involvement of the amino
acid ASP134 in the b-chain played a striking role, form-
ing medium water bridges, small ionic interactions, and
enduring hydrogen bonds. With 5IZQ comprising 20 amino
acids, it becomes evident that Rutin binds to this complex
effectively detailed in (Fig. S1).

For the SABD complex, similar stable non-bonded interac-
tions involving hydrogen bonds, hydrophobic interactions,
and ionic interactions were identified. The hydroxyl groups
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Figure 5. Molecular dynamics simulations outcomes of protein-ligand interaction histograms (hydrogen bonding, hydrophobic interactions, ionic
interactions, and water bridges). (A) Histogram representation of the interaction of protein 5IZQ and Rutin molecule; (B) A structural illumination
of detailed ligand atom Rutin interactions with the protein residues of 5IZQ. (C) Histogram illustration of the interaction of protein SABD and Rutin
molecule; (D) A schematic of detailed ligand molecule Rutin interactions with the protein residues of SABD. (E) Histogram illustration of the interaction
of protein 4PZ3 and Rutin molecule; (F) A structural elucidation of detailed ligand atom Rutin interactions with the protein residues of 4PZ3.
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of Rutin again played a central role, mediated by water
bridges that connected with the active sites of amino acids
in 5SABD illustrated in (Fig. 5 C & 5 D). Approximately
40 amino acids were found to facilitate Rutin’s binding,
notably TYR199, LEU221, GUN225, and LEU174, which
significantly contributed to stabilizing the secondary struc-
ture of the protein details given in (Fig. S2). In the case
of the 4PZ3 complex, Rutin exhibited stable interactions
characterized by hydrogen bonds, hydrophobic interactions,
and ionic interactions, all facilitated by water bridges. The
hydroxyl groups of Rutin played a pivotal role in these
interactions with the active sites of amino acids in 4PZ3
elucidated in (Fig. 5 E & 5 F). Notably, more than 50
amino acids were involved in aiding Rutin’s penetration and
binding to the 4PZ3 protein more details are given in (Fig.
S3). Rutin’s ability to form stable interactions with these
three distinct protein complexes, as elucidated through the
simulation interaction illustrations, highlights its potential
as an inhibitor of these proteins’ activities. The connection
of water bridges and the specific amino acids acknowledged
in each complex shed light on the molecular mechanisms
underpinning Rutin’s actions, providing valuable insights
for future research and claims in various biological contexts.

4.3 FTIR
4.3.1 RTSLNs

By using FTIR, nanoparticle surface chemistry and inter-
molecular interactions were characterized when rutin is
incorporated in lipids. The principal lipid peaks in the
RTSLN structure were depicted, as (Fig. 6) shows. O-H
stretching vibrations are suggested by this peak in the high-
wavenumber region which are frequent in flavonoids like
rutin, which measures 3378.67 cm~—!. This peak can be
attributed to glyceryl behenate as well as rutin presented in
(Supplementary Fig. S4). The values 2913.91 cm~! and
2852.2 cm ™!, are connected to C-H stretching vibrations
in Glyceryl Behenate’s alkyl groups. This peak of 2351.77
cm~! could be associated with stretching vibrations of the
C=C triple bond due to its aromatic rings, rutin might have
a role in this peak illustrated in (Supplementary Fig. S5).
1733.69 cm™! peak is a sign of the ester functional group-
specific C = O stretching vibrations. Glyceryl Behenate
is probably the source of it. 1463.71 cm~! is C - H bend-
ing vibrations are frequently seen in this range. Rutin and

RTSLNs

v
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Figure 6. FTIR spectra Rutin in its pure form, the lipid compritol 888, and
Rutin-loaded solid lipid nanoparticles (RTSLN).
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glyceryl behenate may potentially be the source of the peak.
1106.94 cm~! . Peaks around 956.52 cm™~! are frequently
connected to aromatic C - H bending vibrations, which may
originate from rutin. A 533.221 cm™! range of chemical
vibrations is frequently present in the fingerprint region,
where this peak is located (Supplementary Fig. S6). More
precise information about the substances in the mixture or
reference spectra would be needed for its interpretation.

4.3.2 RTPNs

The peak observed at 3340.1 cm~! signifies O-H (hydroxyl)
stretching vibrations, indicating the presence of hydroxyl
groups in Rutin. This observation also suggests that PDLG
contains carboxylic acid (-COOH) groups as explicated in
(Fig. 7). At2919.7 cm~!, we see a peak attributed to C - H
stretching vibrations presented in (Fig. S7). These vibra-
tions likely arise from the aliphatic portions of PDLG and
the aliphatic (alkane) groups in Rutin. The peak at 1650.77
cm~! resembles the C = O (carbonyl) stretching vibration,
a characteristic feature of the carbonyl groups in PDLG and
Rutin. The peak at 1597.73 cm™~! may be concomitant with
the C = C stretching in the aromatic ring, a characteristic
feature of flavonoids like Rutin, and it might also be present
in PDLG. Moving on, the peak at 1355.71 cm~! could be at-
tributed to various functional groups present in both PDLG
and Rutin, or it may be related to C - H bending vibrations.
The peak at 1501.31 cm™! could result from vibrations in C
- H bending or C = C stretching in both PDLG and Rutin dis-
played in (Fig. S8). The peaks at 1287.25 cm™! and 1002.8
cm~! might be linked to functional groups in Rutin and
PDLG or C-O stretching vibrations. The peaks at 800.314
cm~! and 593.004 cm™!, concomitant with out-of-plane
bending vibrations, offer structural insights into the atomic
arrangement in both PDLG and Rutin.

RTPNs
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Figure 7. FTIR spectra were obtained for the following substances, Rutin
in its pure form (RT), the polymer PDLG 5002A, and Rutin-loaded poly-
meric nanoparticles (RTPNs).

4.4 DLS and zeta potential

Both the RTPNs and RTSLNs formulations’ A zeta poten-
tials, which were determined to be -26.4 + 0.4 and -25.5
4+ 0.3 mv, respectively, suggested that the nanoparticles
had a good degree of stability exemplified in (Fig. 8 A and
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8 C) and (Supplementary file 1 & Supplementary file 2).
Nanoparticles with negative zeta potential values tend to
reject one another, which may assist in stopping them from
aggregating. The particle size was generated as 58.31 £
1.2 for RTSLNs and RTPNs 69.71 £ 1.5 nm was found
virtuous within nanometers denoted in (Fig. 8 B and 8 D)
and (Supplementary File 3 & Supplementary File 4). The
PDI was found to be 0.294 &+ 0.01 RTPNs and 0.268 + 0.01
RTSLNs which is considered quite well and indicates a rea-
sonably homogeneous distribution of particle sizes tabulated
in Table 5. Furthermore, the concentration of the chosen
surfactant and co-surfactant most likely decreased surface
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Figure 8. The nanoformulations were subjected to measurements of
Z-average, PDI (Polydispersity Index), and Zeta Potential (ZP). These
measurements were conducted in triplicate, with data presented as mean
values along with their standard deviations (SD). (A) Zeta potential for
RTPNs. (B) DLS of RTPNs. (C) Zeta potential for RTSLNs and (B) DLS
of RTSLNS.

Habeeb et al.

tension, which led to the creation of smaller nanoparticles.

4.5 TEM

To investigate the internal composition and surface char-
acteristics of RTPNs and RTSLNs, transmission electron
microscopy (TEM) analysis was conducted. The obtained
Fig. 9 reveals that the nanoformulation particles exhibit
nearly spherical shapes with smooth surfaces and fall within
the nanoscale size range represented in (Fig. 9 B and 9 D).
Specifically ranging from 46 to 70 nm for RTSLNs and

Figure 9. The formulations were subjected to transmission electron mi-
croscopy to investigate the following aspects (A) Providing a visual rep-
resentation of the particle size distribution of RTPNs. (B) Analyzing the
internal structure and surface characteristics of RTPNs. (C) offering a
visual representation of the particle size distribution of RTSLNs. (D) Ex-
amining the internal structure and topographical features of RTSLNs.
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Table 5. Particle size, PDI, and zeta potential of RTPNs and RTSLNs.

Formulation | Particle size (nm) | Polydispersity index | Zeta potential (mv)
RTPNs 69.71 £ 1.5 0.294 £ 0.01 -264+£04
RTSLNs 5831+1.2 0.268 + 0.01 -255+£0.3

RTPNs ranging, from 61 to 101 nm illustrated in (Fig. 9
A and 9 C). Notably, all particles are observed to be uni-
formly distributed without any structural irregularities. The
nanoparticles in RTPNs are larger in size when contrasted
with RTSLNs (Fig. S9).

4.6 Drug loading (DL) and entrapment efficiency (EE)

The EE of RTSLNS is strikingly greater, at 82.61 £1 .42%,
and their standard deviation with a p-value of 0.001 is quite
low. This high EE shows that the lipid nanoparticles may
effectively and reliably encapsulate a significant amount
of the medication. In distinction, RTPNs have a slightly
greater standard deviation with a p-value of 0.002 along
with a lower EE of 68.33 £ 2.29 % proven in (Fig. 10).
Lipid and polymer nanoparticles have different structural
and compositional properties, which account for the varia-
tions in EE. Lipid nanoparticles are a great option for drug
delivery systems where efficiency, consistency, and stability
are crucial since they continuously show higher EE with
fewer standard deviations. When it comes to DL, lipid
nanoparticles perform better than polymer nanoparticles.
They have a DL of 10.74 + 0.51 %, a p-value of 0.004
which is quite low, as opposed to a DL of 8.02 + 0.95%,
and a p-value of 0.008, polymer nanoparticles appear to
contain less drug per unit of nanoparticles tabulated in (Ta-
ble 6). This suggests that lipid nanoparticles can maintain
a relatively low variance in drug loading while carrying
a sizable amount of drug per unit of nanoparticles. The
differences in Entrapment Efficiency (EE) and Drug Load-
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Percentage (%)
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Figure 10. The entrapment efficacy (EE) and drug load (DL) of both
RTSLNs and RTPNs formulations were assessed. An analysis of variance
(ANOVA) was supported out to evaluate the significance of the modifi-
cations in EE and DL outcomes. These dimensions were performed in
triplicate (n = 3 independent formulations), and the fallouts are offered
as the mean values along with their conforming standard deviations (SD).
Entrapment Efficiency (EE), RTSLNs have *** (p < 0.001), while RTPNs
have ** (p < 0.01). For Drug Loading (DL), RTSLNs show ** (p < 0.01)
and RTPNs show * (p < 0.05), confirming significant differences in drug
encapsulation and loading between the two formulations. These results
highlight that RTSLNs are the superior formulation, offering higher drug
encapsulation and loading efficiency compared to RTPNs.

ing (DL) between RTSLNs (lipid-based nanoparticles) and
RTPNs (polymer-based nanoparticles) are attributed to their
structural properties. Lipid nanoparticles possess a flexible,
hydrophobic core, allowing for better encapsulation of hy-
drophobic drugs like Rutin, leading to a higher EE (82.61 +
1.42%) and DL (10.74 £ 0.51%) with lower variability. In
contrast, polymer nanoparticles have a more rigid structure,
limiting their drug encapsulation efficiency (68.33 £ 2.29%)
and loading capacity (8.02 £ 0.95%). Lipid nanoparticles’
reduced crystallinity, higher internal volume, and superior
compatibility with hydrophobic drugs make them more ef-
fective for consistent drug delivery. Statistical significance
in the data supports the hypothesis that lipid nanoparticles
are more reliable for drug delivery systems, especially when
efficiency and stability are critical.

Table 6. Measurement of entrapment efficiency and drug loading capacity
for RTPNs, and RTSLNs.

Formulation | Entrapment efficiency | Drug loading
RTSLNs 82.611 + 1.42 10.743 £ 0.95
RTPNs 68.333 £2.29 8.017 £ 0.51

4.7 In vitro drug release

With a cumulative release that approaches 99% by the end of
the dissolution, RTSLNs show a substantially greater drug
release efficiency than RTPNs at all times. Additionally,
RTSLNSs have a remarkable ability to load drugs and trans-
port them efficiently, as seen by their high cumulative drug
release percentage of 99.222% at 6 hours and 96.93% at 5.5
hours illustrated in (Fig. 11 A). But after five hours, RTPNs
fully released and show variations in their release kinetics,
this suggests a less efficient and less regulated drug release
mechanism. When it comes to therapeutic applications that
need accurate dosing and consistent release, the variability
in drug release from RTPNs raises questions about their
dependability. When carefully examined from a scientific
perspective, the dissolution data supports the claim that RT-
SLNs function better than polymer nanoparticles. RTSLNs
nanoparticles provide great efficiency, stability, biocom-
patibility, and controlled and sustained release. For rutin,
lipid nanoparticles are the recommended option due to these
benefits and their great drug-loading capacity. The disso-
lution studies in acidic environment RTPNs exhibits rapid
drug release, reaching near-complete dissolution (99.91%)
by 4 hours, while RTSLNs demonstrates a slower, more
sustained release, reaching 99.88% by 6 hours. RTSNP’s
pH-sensitive behavior at pH 5.5, mimicking acidic tumor
conditions, indicates its potential for targeted cancer therapy.
This gradual release profile ensures prolonged drug activity
in the tumor environment, enhancing therapeutic efficacy.
In contrast, RTPNs may be suited for scenarios requiring
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a quicker, high-dose release. Overall, RTSNP’s controlled
release makes it a promising option for tumor-specific drug
delivery (Fig. 11 B).
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Figure 11. Drug release studies of (A) RTPNs and RTSLNSs at various
time intervals at pH 7.4, and (B) RTPNs and RTSLNs at different time
intervals at pH 5.5.

4.8 MTT

The MTT screening outcomes reveal notable anticancer
efficacy against HCC cell line Hep3B, for the nanoformula-
tions fabricated using the Rutin-Loaded (RT) method. The
IC50 value for RTSLNs was remarkably low at 80.45 +
0.05 pg/mL proven in (Fig. 12 A). The lipid nanocarriers’
effective transport of rutin, which improves penetration into
the cell lines, is accountable for the substantial reduction
in the IC50 value for RTSLNs. In contrast, RTPNs showed
an IC50 that was comparatively larger at 120.45 4+ 0.05
ug/mL, suggesting that their anticancer effect was not as
strong as that of RTSLNs clarified in (Fig. 12 B). Addition-
ally, pure Rutin showed the highest IC50 value of 160.15 +
0.05 pg/mL shown in (Fig. 12 C) without the advantages of
nanoparticle distribution, highlighting the beneficial impact
of nanoformulations in boosting Rutin’s therapeutic efficacy
in the fight against HCC. These results highlight RTSLNs’
promise as a viable platform for focused and efficient cancer
treatment.

4.9 Statistical data for toxicity studies in NIH3T3 cell
lines

The findings are reported as mean values with accompa-
nying standard deviations, and the cellular reactions to the
nanoparticles underwent statistical analysis through one-
way analysis of variance (ANOVA). Cell viability experi-
ments were conducted on NIH3T3 cell lines with an IC50
concentration of 80.45 £ 0.05 ug/mL for RTSLNs and
120.45 + 0.05 pug/mL for RTPNs. The findings indicated
that RTSLNSs exhibited minimal toxicity, with mean values

Habeeb et al.

of 98.73 4 0.49% live cells, while RTPNs showed a mean
of 97.87 £ 0.35% at 24 hours. After 48 hours of treatment,
the mean cell viability for RTSLNs was 95.67 + 0.85%,
and for RTPNss, it was 94.0 £ 0.74%. Subsequent treatment
after 48 hours exhibited a diminution in cell viability, with
values of 93.27 + 1.16% for RTSLNs and 89.23 + 1.29%
for RTPNs depicted in (Fig. 13). The p-values for the com-
parison of control vs RTSLNs and control vs RTPNs were
found to be 0.001 and 0.0002, respectively. The results
indicate a higher percentage of cell death with RTPNs com-
pared to RTSLNs, suggesting increased toxicity in NIH3T3
mouse embryonic fibroblast cells with RTPNs formulations
compared to RTSLNs described in (Fig. 13) [44].
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Figure 12. The MTT assay findings (screen-1) for the following categories.
(A) Pure Rutin revealed in 160.15 4= 0.05 pg/mL (B) RTPNs (Rutin-loaded
polymeric nanoparticles) exposed 120.45 £ 0.05 pg/mL. (C) RTSLNs
(Rutin-loaded solid lipid nanoparticles) with IC50 value 80.45 £ 0.05
ug/mL. Based on the IC50 values, the approximate p-values are as follows:
between RTSLNs and Rutin (p < 0.001), used *** (triple asterisks), while
between RTSLNs and RTPNS (p ~ 0.01-0.05), and between RTPNS and
Rutin (p ~ 0.01-0.05), used * (single asterisk) for both comparisons
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Figure 13. The toxicity studies of nanoformulation RTSLNs and RTPNs
formulations were assessed. An analysis of variance (ANOVA) was carried
out to assess the significance of the differences in cell viability of NIH3T3
cell lines. The measurements were conducted in triplicate, representing
three independent formulations (n = 3), and the results are presented as
mean values attended by their equivalent standard deviations (SD). The
toxicity studies reveal significant differences in cell viability between
RTSLNs and RTPNs, with ANOVA showing ***(p < 0.001) for RTSLNs
and ****(p < 0.0001) for RTPNs at 72 hours. RTSLNs demonstrated
higher cell viability, indicating better biocompatibility and reduced toxicity.
These results, measured in triplicate (n = 3) and expressed as mean +
SD, confirm RTSLNSs as a safer and more effective nanoformulation for
therapeutic applications.

4.10 Cell death assessment by (acridine orange/ethid-
ium bromide) AO/EB fluorescence staining

The results obtained from the fluorescent-based assay
demonstrated that RLSLNs significantly decreased the via-
bility of Hep3B cells, leading to a notable cytotoxic effect
with an IC50 value of 80.45 4+ 0.05 pg/mL. These find-
ings clearly indicate that RTSLNs induced a higher level of
apoptosis compared to both RTPNs and the control group.
Fig. 14 illustrates the fluorescence patterns, showing ap-
proximately 60% apoptosis at the concentration of 80.45 +
0.05 pg/mL for RTSLNs and 40% apoptosis at the concen-
tration of 120.45 % 0.05 pug/mL for RTPNs after 24 hours
of treatment shown in (Fig. 14). The viable cells exhibit
consistent green fluorescence and contain nuclei with a well-
organized structure. In contrast, as observed in the control
group, RTSLNs show early apoptotic cells displaying green
fluorescence and condensed chromatin around the nucleus
in the form of bright green patches, notably with enlarged
size, which indicates necrosis in the cells. RTPNs, on the
other hand, exhibit late apoptosis, with cells emitting an
orange fluorescence and nuclei containing condensed or

Control

24 Hrs

RTPNs
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fragmented chromatin. Cells in the early stages of apoptosis
exhibit green fluorescence, indicating the presence of intact
cell membranes. Nevertheless, due to the reduced integrity
of the cell membrane, a fraction of acridine orange escapes,
leading to the appearance of orange staining. During the
advanced phases of apoptosis or necrosis, cells display a
red glow as a result of the binding of ethidium bromide to
DNA. The red fluorescence acts as a marker for damaged
cell membranes in the late stages of cell death which was
observed in RTSLNs [47].

4.11 HO (Hoechst assay for apoptotic nuclei)

The IC50 concentrations of 80 tg/mL for RTSLNs and 120
ug/mL for RTPNs were used to treat Hep3 B cells, and
the results of the Hoechst 33258 staining assay at 24 hours
revealed cytological changes in these cells. The observa-
tions indicated that RTSLNs induced a greater degree of
apoptosis, characterized by dot-like chromatin, cytoplas-
mic blebbing, cytoplasmic vacuolation, bi-nucleation, and
nuclear shrinkage when compared to both the control and
RTPNs groups represented in (Fig. 15). These findings
confirm that RTSLNs, owing to their high cellular uptake
mechanisms, intracellular behavior, and drug payload re-
lease and localization, are better suited to induce apoptosis
and elicit a more pronounced response than RTPNs.

4.12 Discussion

The findings from this study indicate that RTSLNs consis-
tently outperform RTPNs in multiple aspects of drug deliv-
ery and efficacy, highlighting their superior performance
in cancer therapy. RTSLNs show significantly higher EE
(82.61 + 1.42%) and DL (10.74 &+ 0.51%) compared to
RTPNs, which exhibit lower values of EE (68.33 + 2.29%)
and DL (8.02 + 0.95%). These differences are attributed to
the structural advantages of lipid nanoparticles, such as a
flexible hydrophobic core that allows better encapsulation
of hydrophobic drugs like Rutin, leading to a more efficient
drug delivery system. The in vitro drug release studies
clearly illustrate the superiority of RTSLNs, which achieve
a controlled and sustained release of 99.88% over 6 hours,
while RTPNs exhibit rapid and less controlled release, reach-
ing near-complete dissolution (99.91%) by 4 hours. This
sustained release from RTSLNs ensures prolonged drug
activity, making them more suitable for targeted cancer ther-
apy, particularly in acidic tumor environments. MTT assays

RTSLNs

Figure 14. The apoptotic activity of the nanoformulations in Hep3 B cell lines at the 24-hour mark is as follows. Pure Rutin as the control, RTPNs
(Rutin-loaded polymeric nanoparticles), and RTSLNs (Rutin-loaded solid lipid nanoparticles).
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RTSLNs

Figure 15. Hoechst assay for apoptotic nuclei in Hep3 B cell lines after a 24-hour period produced the following results for the nanoformulations. Pure
Rutin as the control, RTPNs (Rutin-loaded polymeric nanoparticles), and RTSLNs (Rutin-loaded solid lipid nanoparticles).

show that RTSLNs are more effective in delivering Rutin
to Hep3B liver cancer cells, with a significantly lower IC50
value (80.45 £ 0.05 pg/mL) compared to RTPNs (120.45
£ 0.05 pug/mL). This suggests that RTSLNs provide more
effective drug penetration and cancer cell inhibition. More-
over, RTSLNs show lower toxicity to normal cells, as seen
in NIH3T3 cell viability assays, where RTSLNs maintain
higher viability compared to RTPNs, indicating better bio-
compatibility. In cell viability studies conducted on NIH3T3
cell lines, RTSLNs showed minimal toxicity with 98.73 +
0.49% live cells after 24 hours and 95.67 £ 0.85% after
48 hours. In comparison, RTPNs exhibited slightly higher
toxicity; with 97.87 £ 0.35% live cells after 24 hours and
94.0 £ 0.74% after 48 hours. After 48 hours, RTSLNs main-
tained higher cell viability (93.27 + 1.16%) than RTPNs
(89.23 + 1.29%), indicating that RTSLNs are less toxic. Sta-
tistical analysis (ANOVA) showed significant differences
with p-values of 0.001 for control vs RTSLNs and 0.0002
for control vs RTPNs, confirming that RTPNs induce more
cell death, suggesting increased toxicity in comparison to
RTSLNs. The AO/EB fluorescence staining and Hoechst as-
say results further confirm the enhanced apoptosis-inducing
potential of RTSLNs. They lead to greater apoptotic cell
death, as evidenced by significant chromatin condensation,
cytoplasmic blebbing, and higher levels of apoptosis in can-
cer cells, compared to RTPNs. The controlled and sustained
release profile of RTSLNs contributes to a more pronounced
and effective apoptosis mechanism. Rutin-loaded RTSLNs
effectively target malignant liver cells, potentially disrupting
cell survival and proliferation pathways. This enhanced tar-
geting and intracellular behavior underline their potential in
cancer treatment, as RTSLNs ensure better drug localization
and release within cancerous tissues, reducing off-target ef-
fects. Overall, RTSLNs demonstrate superior performance
over RTPNs in terms of entrapment efficiency, drug loading,
sustained release, anticancer efficacy, and biocompatibility.
These advantages make RTSLNs the preferred nanoformu-
lation for cancer therapy, offering enhanced therapeutic
outcomes and reduced toxicity.

4.13 Summary of the molecular mechanism of Rutin-
loaded nanoformulation

Rutin has been observed to interact with receptors present in
malignant liver cells, potentially influencing signaling path-
ways related to cell survival, proliferation, or programmed

cell death (apoptosis). This interaction warrants further
exploration to determine whether Rutin directly impacts
the behavior of malignant cells. Scientists frequently delve
into the molecular mechanisms underlying the potential
anti malignancy properties of natural compounds like Rutin
through both in vitro and in vivo studies. As a result, the
utilization of nanoformulations loaded with Rutin emerges
as a promising approach. This method facilitates targeted
delivery to tumor cells, minimizing potential harm to nor-
mal cells [48]. The molecular pharmacology illustrating
how Rutin binds to and obstructs malignant cells is shown
in (Fig. 16).

5. Conclusion

Indeed, HCC is a major global health risk that can be fa-
tal. The most prevalent kind of primary liver cancer, HCC
has a high fatality rate. Conventional chemotherapy’s poor
effectiveness and side effects have prompted research into
alternative therapeutic strategies, such as anticancer drugs
based on nanomedicine. Rutin has proven some possible
health advantages, such as anti-inflammatory and antioxi-
dant qualities. Rutin may protect the liver and be helpful
in treating some liver disorders including HCC, according
to some research and it is confirmed by in silico interac-
tion and 100 ns dynamic simulation studies. Further, we
fabricated the rutin-loaded polymeric and lipid nanoparti-
cles to assess their therapeutic efficacies on HCC. When
compared to rutin-polymeric NPs (PDLG), rt-LNs exhibit
increased encapsulation efficiency (EE) and drug loading
(DL) release characteristics. Furthermore, RTLNs display
a more effective drug release behavior in comparison to
RTPNS. In vitro cytotoxicity evaluations demonstrated that,
in the instance of the Hep3B cell line, lipid NPs exhibited
improved anticancer efficacy, with a lower IC50, in compar-
ison to polymeric nanoparticles. The substantial anticancer
properties of RT-loaded lipid nanoparticles were confirmed
by further fluorescence screening, primarily by inducing
death in Hep3B cells. Rutin interacts with receptors in ma-
lignant liver cells, potentially affecting signaling pathways.
Further exploration is needed to assess Rutin’s direct impact
on cancer cell behavior. Scientists study Rutin’s anti-cancer
properties through in vitro and in vivo research. Utilizing
Rutin-loaded nanoformulations shows promise for targeted
delivery to tumor cells while minimizing harm to normal
cells. According to these findings, SLNs—especially RT-
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Figure 16. represents a brief overview of the molecular mechanism of Rutin-incorporated nanoformulation binding the highly expressed receptors and
blocking the signaling pathways in liver malignant cells.

SLNs—have promise as nanoformulations that target HCC.

It will take more research on relative bioavailability and in
vitro/in vivo correlation research to compare and maximize
the effectiveness of polymeric NPs and SLNs. Nonetheless,
the study’s findings suggest that these lipid NPs might have
superior anti-malignancy action in HCC.
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