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Abstract

Hyaluronic acid (HA) is a naturally occurring mucopolysaccharide that interacts specifically with overexpressed receptors on cancer cells,
such as CD44, RHAMM, and LY VE-1, enabling targeted drug delivery to tumors. The present work aims to prepare an activated nanolipid
carrier (NLC) using HA as a ligand to enhance the selectivity and safety of parenterally administered vinorelbine (Vn). The preparation
method included the chemical conjugation of pegylated-DSPE with HA, followed by the loading of Vn using ultrasonication-homoge-
nization to prepare activated HA-NLC (Vn-loaded HA-NLC). In vitro evaluation for the prepared formulation had a mean particle size
of 102 nm, a zeta potential of -44.1 mV, and gave a drug release of 85.23% within 48 hours with an IC50 of 35.7 ug/mL against the lung
cancer cell line A549 in comparison to the marketed drug and non-activated Vn-loaded NLC, which gave IC50 values of 45.65 pg/mL and
57.29 pg/mL, respectively. The in vivo study in mice of the Kunming strain included the induction of lung cancer (LL2) xenograft (equiv-
alent to humanized A549), measurement of mice body weight and tumor volume, histopathological study for 4 weeks, and MRI follow-up
scan of tumor tissue for 24 hours using SPION as a contrast agent. The result showed a significant (P < 0.05) increase in body weight, exten-
sive tumor apoptosis, smaller tumor size, and better accumulation inside tumor tissue for mice treated with activated HA-NLC compared
to non-activated NLC and marketed products. It was concluded that HA-NLC promoted the selective targeting and accumulation of Vn in-
side tumor tissue, prolonging the retention duration and enhancing the drug’s cytotoxic effect with increased mice weight as a sign of safety.
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Introduction
and they can incorporate both lipophilic and hydrophilic

drugs with the feasibility of providing targeted, sustainable

Nanostructured lipid carriers (NLC) are typically prepared by
combining liquid to solid lipids in a 7:3 ratio, with surfactant
contentaslowas0.5% (w/v). Compared to solid lipid nanopar-
ticles, the NLC has a less ordered inner structure, resulting
in a higher drug-loading possibility and less drug expulsion,

release properties (Gomaa et al. 2022). The conventional
NLCs have limitations, such as RES uptake, opsonization,
and immunogenicity. So, to overcome such constraints with
increasing circulation time, active targeting has been devel-
oped, in which several approaches have been adapted for
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actively targeting a specific body site using ligands to en-
hance cellular uptake and cytotoxicity (Beloqui et al. 2016).
Hyaluronic acid (HA), which can be used as a ligand
for active drug targeting, is a mucopolysaccharide that
occurs naturally, consisting of alternatively repeating di-
saccharide units of N-acetyl-D-glucosamine and D-glucu-
ronic acid. It has a significant role in structural tissue sta-
bility and cell growth. In addition, several overexpressed
HA receptors are found in cancer cells, such as a cluster
of differentiation-44 (CD44), the receptor for hyaluronic
acid-mediated motility (RHAMM), and lymphatic ves-
sel-endocytic receptor (LYVE-1). The main difference be-
tween tumor and normal cells regarding CD44 receptors
is that the endogenously expressed CD44 receptor is found
in a low-level and inactive state in normal cells. In con-
trast, in cancer cells, the CD44 receptors are highly activat-
ed and over-expressed on the surface of various tumors,
such as lung and breast cancer (Kesharwani et al. 2022).
Imaging techniques are used to visualize targeted ther-
apy’s safety and efficacy, and diagnostic tools include
computed tomography, positron-emission tomography,
magnetic resonance imaging (MRI), and ultrasound.
(Lymperopoulos et al. 2017; Zhou et al. 2021). Superpara-
magnetic iron oxide (SPION) is a contrast agent visualized
by magnetic resonance images (MRI). It is well known for
its safety, tunable surface, shape, and size. Due to its para-
magnetic properties, it is more effective with lower con-
centrations than other contrast agents, such as gadolinium
(Gd). The magnetic resonance signal of SPION gave dark-
er regions that strongly influence T2 spin-spin relaxation
times. Its chemical stability, low toxicity, and high magnetic
moments make it an excellent choice for biomedical appli-
cations (Filippousi et al. 2014; Nelson et al. 2020).
Vinorelbine’s aqueous solubility is very low, with high lip-
id solubility. It is a semisynthetic vinca alkaloid with a broad
spectrum of antitumor activity and no selectivity for cancer
cells, leading to a serious and wide range of systemic adverse
effects. Successful cancer killing by vinorelbine requires
long-term exposure and retention in these cells, which is
possible through targeted delivery that differentiates normal
cancer cells from cancer cells (Gregory and Smith 2000).
Herein, we emphasize the role of HA as a targeting
agent for the prepared receptor-mediated NLC for vi-
norelbine using HA as a ligand on in vitro behavior as well
as following its in vivo role to prove the selective accumu-
lation and prolong the retention of the drug in the lung
cancer tissue in the hope of enhancing drug efficacy and
minimizing its adverse effects.

Materials and methods
Materials

Vinorelbine (Vn) and vinorelbine ditartarate (Vnd) were
purchased from Hefei TN] Chemical company (Anhui,
China), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
N-[amino(polyethylene glycol)-2000] (DSPE-PEG

2000)’

DSPE-PEG, -NH,, hyaluronic acid (HA) was purchased
from Xian Ruixi Biotechnology Co, Ltd, (Xi'an, Shaanxi,
China), glyceryl monostearate (GMS), octanoic acid oil
(OA), soybean lecithin (using parenterally), oleic coated
SPION and lutrol F 68 (poloxamer 188) were purchased
from Hangzhou Hyper Chemicals Co, Ltd (Gongshu Dis-
trict, Hangzhou, China), Amicon’ 15 centrifugal filters and
filter syringe (0.22 um and 0.45 um), and all other reagents
and chemicals were purchased from Sigma-Aldrich Che-
mie GmbH (Eschenstr. Taufkirchen Germany. Anti-Mcl-1
antibody” (Sino Biological. Cat Num: 106673-T32) and An-
ti-BAX antibody (Sino Biological. Cat Num: 106076-T38).

Methods

Conjugation of HA with DSPE-PEG
(DSPE-HA) and characterization

DSPE-HA conjugate was synthesized by mixing
0.131 mmol of hyaluronic acid (HA) in 50 mL of Dimethyl-
formamide solvent using a magnetic stirrer for 10 minutes,
then 0.052 mmol of (EDC) 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide was added with continuous stirring
for 5 minutes, followed by the addition of 0.052 mmol of
N-hydroxysuccinimide (NHS) with continuous stirring by
magnetic stirrer at 100 rpm for two hours, after that 0. 026
mmol of DSPE-PEG,, -NH, was added with continuous
stirring for 48 hours in closed volumetric flask to give the
reaction sufficient time to be completed. For the purifica-
tion of the product (DSPE-HA), the resulting solution was
dialyzed using a 10-14 kDa dialysis membrane in deion-
ized DW with frequent changing of deionized DW for effi-
cient side product removal for two days, followed by ultra-
filtration using Amicon’ 15 mL 10 kDa centrifuged at 4000
rpm for 30 minutes to remove nonconjugated pegylated
lipid with HA, and then the product was lyophilized to
obtain DSPE-HA conjugate (Surace et al. 2009; Choi et al.
2011). The conjugate was analyzed using '"H NMR (Varian
500 MHz) for characterization.

NH,

2000”

Preparation of vinorelbine-loaded NLC acti-
vated with receptor mediator HA (HA-NLC)

Vinorelbine-loaded HA-NLC (Vn-loaded HA-NLC) was
created using the emulsification-ultrasonication method.
Briefly, the organic phase was prepared by mixing Vn drug
(50 mg) with the optimized quantity of glyceryl monostea-
rate as a lipid (150 mg), octanoic acid as oil (50 mg), and
1% mol of DSPE-HA (60 mg) in a glass beaker with chlo-
roform and ethanol (1:1 ratio), which was then evaporated
by hot plate stirrer at 75 °C and 1000 rpm, and melted lipid
phase was obtained to which a heated (at 75 °C) aqueous
phase containing poloxamer 188 (0.1 w/w%) and soybean
lecithin (0.5 w/w%) was added drop by drop. Both were ho-
mogenized at 15000 rpm for 5 minutes using a high-speed
homogenizer (D 160, Biobase) and then ultrasonicated
(UCD 950, Biobase) for 15 minutes (on-off 4-4 sec) to get
HA-NLC (Taetz et al. 2009; Liu et al. 2020) (Scheme 1).
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Scheme 1. Orientation of the targeted Vn-loaded HA-NLC,
hyaluronic acid nanolipid carrier loaded with vinorelbine

(Yang et al. 2018).

Characterization of the prepared Vn-loaded
HA-NLC

Particle size, PDI, and zeta potential

The mean particle-size diameter, PDI, and zeta potential
of the prepared Vn-loaded HA-NLC were measured us-
ing a laser particle size analyzer ABT-9000, USA, for the
measurement of PDI and mean particle size, while the
zeta potential was measured using Malvern Zeta Sizer,
UK. Before the measurement, the samples were diluted
with deionized distilled water ten times. All the results
were obtained in triplicate (AlEbadi and Al-Lami 2022;
Al-Edresi et al. 2024).

Morphology examination for vinorelbine-loaded
HA-NLC

Field emission scanning electron microscope (FESEM)
was used for the determination of the prepared Vn-loaded
HA-NLC morphological characteristics, in which a few
drops of diluted formula were added on the surface of an
aluminum slab and dried in an oven at 100 °C for few sec-
onds after that, a thin layer of Au/Pd coat was added to
the dried samples, which is then observed using different
magnifications by FESEM (INSPECT F 50, FEI Company,
China) (Ahmed et al. 2021).

In vitro drug release

An in vitro drug release study from the prepared Vn-load-
ed HA-NLC was performed, in which 10 mL of prepared
formula was transferred into a previously soaked (over-
night) dialysis membrane with a molecular cut-off of
10-14 kDa. The release study was performed in 400 mL of
PBS at 37 °C and 100 rpm for 48 hours, where the samples
(3 mL) were continuously removed at predetermined in-
tervals for spectrophotometric analysis (Shimadzu 1800,
Japan) at 268 nm and replaced with fresh medium (Wan
et al. 2008; Radhi et al. 2023).

In vitro cytotoxicity and MTT assay

The lung cancer cell line (A549) was supplied by the De-
partment of Pharmacology and Toxicology Cell Bank at
Mustansiriyah University/College of Pharmacy. Cells were
grown in “Roswell Park Memorial Institute (RPMI-1640)”
liquid medium (Gibco, UK) supplemented with 10% fetal
bovine serum (Gibco, UK). Samples (1 mg/mL) of Vn-load-
ed HA-NLC, Vn-loaded NLC, and marketed vinorelbine
(Navelbine’) were used to prepare serial concentrations
(100, 50, 25, 12.5, and 6.25 pg/mL) with (RPMI-1640) me-
dia as a diluent (Ashizawa et al. 1993; Obayes et al. 2019).

After different incubation periods (24 h, 48 h, and 72 h),
the liquid in the wells was removed, and each well was
cleaned with a phosphate-buffered saline (PBS). A 200 pL of
0.5 mg/mL MTT solution was added in each well and then
incubated for three hours at 37 °C. At the end of the incuba-
tion period, purple-colored intracellular formazan crystals
were visible under an inverted microscope. The supernatant
was removed, and 100 pL of DMSO was added to each well,
which acted as a solvent for the formed formazan crystals.
The plate was then incubated at room temperature for 30
minutes to allow the cells to be lysed and the purple crystals
to dissolve. The absorbance measurement was achieved at
570 nm using a microplate-ELISA reader (Ghasemi et al.
2021), and this equation calculated the % viability:

% Viability = (absorbance of treated well/
absorbance of control) * 100%

In vivo animal study

Animals and tumor models

Thirty mice of the Kunming strain (weighing 20 + 0.5 g)
were purchased from the central animal laboratory of Teh-
ran University of Medical Science (TUMS). All the animals
were kept in a pathogen-free environment with reasonable
access to food and water at a temperature of 25 + 2 °C and
a relative humidity of 70% * 5%. The mice were subcuta-
neously injected with 0.1 mL cell suspension containing
LL2 cells (2 x 10? cells/mouse) in the right flank space. LL2
is a highly tumorigenic lung cancer cell line for mice. After
seven to fourteen days of tumor inoculation, when the tu-
mor volume approached 100 mm?®, the treatments began,
and that day was marked as day 1 (Tran Chau et al. 2020).

The mice (with induced tumors) were classified into six
groups (G1-G6), and each group received the assigned
solution as in Table 1.

The groups G1-G4 were examined for the survival
time, body weight, and change in tumor volume (mea-
sured by vernia) every 3 days for four weeks of treatment
(Baris et al. 2020; Sahib et al. 2022). All animal experi-
ments were conducted following the guidelines of the An-
imal Ethical Committee at Mustansiriyah University, Col-
lege of Pharmacy. The experiment was assigned an ethical
code of 19 on 10 Feb. 2024.
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Table 1. Mice grouping (G1-G6) according to the study.

Group no. Treatment

Gl 0.2 mL normal saline was given I.V. weekly for four weeks (untreated group).

G2 0.2 mL of marketed vinorelbine (Navelbine’) was given I.V. at a dose of 12 mg/kg weekly for four weeks.

G3 0.2 mL of Vn-loaded NLC was given L.V. at a dose of 12 mg/kg weekly for four weeks.

G4 0.2 mL of Vn-loaded HA-NLC (activated) given L.V. at a dose of 12 mg/kg weekly for four weeks.

G5 0.2 mL of SPION Vn-loaded NLC (SPION NLC) was given 1.V. at a dose of 12 mg/kg weekly for four weeks (to be followed by MRI).
G6 0.2 mL of SPION Vn-loaded HA-NLC (SPION HA-NLC) was given LV. at a dose of 12 mg/kg weekly for four weeks (to be followed by MRI).

Abbreviations: Vn (vinorelbine), NLC (nano-lipid carrier), HA (hyaluronic acid), SPION (superparamagnetic iron oxide).

A contrast agent superparamagnetic iron oxide (SPI-
ON) was used for MR imaging and incorporated during
NLC formulation, in which 50 mg of oleic-coated SPION
was added to the organic phase of Vn-loaded NLC and
Vn-loaded HA-NLC and designated as SPION NLC and
SPION HA-NLC, then 0.2 mL of each SPION-containing
formula was injected L.V. in a dose of 12 mg/kg/week for
four weeks in groups G5 and G6. After four weeks, the
mice were examined by MRI (Tesla 3 Magnetom Prisma
MRI machine in Siemens, Germany) at 0.5, 4, 12, and
24 hours after the injection to estimate the retention of
the drug in lung tumor xenograft as well as its clearance
(wash-out). The mice during this study were anesthetized
by intraperitoneal injection of ketamine (100 mg/kg) and
xylazine (10 mg/kg) (the intraperitoneal injections were
repeated during the study to ensure continuous anesthe-
sia) (Peira et al. 2003).

Histopathological and Immunohistochemistry
(IHC) for lung tumor xenograft

Tumor tissue samples from groups G1-G4 were fixed in
10% formalin, then placed in the block and cast by par-
affin (paraffin blocks). Then, for each paraffin block, a
microtone was used to get a section of a 7 pm thickness
sample and mounted on a positively charged slide. After
that, these slides were stained with hematoxylin and eosin
(H&E), and a histopathological examination was done us-
ing a light microscope (He et al. 2016).

The same procedure was applied for the immunobhis-
tochemistry (IHC) study, where three um-thickness sec-
tions were cut from each paraffin block sample and then
mounted on positive-charged slides. The first step was
deparaffinization by immersing the slides in three xylene
containers for 5 minutes. Then, the slides were rehydrated
by immersing them for 10 minutes in absolute ethanol,
96% aqueous-ethanol, and 70% aqueous-ethanol solu-
tions sequentially (Magaki et al. 2019).

For the antigen recovery (unmasking) step, the slides
were immersed in Tris-EDTA solution for 5 minutes to re-
move crosslinking that possibly formed during the previ-
ous step. Then 100 uL of peroxidase-blocking solution was
added to the slides, which were then incubated at room
temperature for 60 minutes in a dark-humid chamber. The
primary antibody attachment step was then achieved by
overnight incubating the slides at 4 °C in a humid cham-
ber with 100 pL of anti-Mcl-1 antibody in a dilution of
1:500 to express BCL2 or anti-BAX antibody in dilution

1:150 to express BAX (BAX and BCL2 are markers for
apoptosis) (Frost et al. 2000).

For the identification step of the primary antibody,
100 pL of polymer bound to peroxidase, named as the sec-
ondary detection kit, was added to each slide with incuba-
tion for 30 minutes at room temperature. After that, the
diaminobenzidine “DAB” substrate solution was added to
each slide and then incubated in the dark at room tem-
perature for 10 minutes. For nuclei staining, a few drops
of hematoxylin were added to each slide as a counter-stain
to stain the nuclei of tumor cells with a blue color that
provided a contrast to the brown color of the DAB chro-
mogen for better visualization of tissue morphology. The
dehydration step of the samples was done by immersing
the slides in a sequence series of 70% aqueous ethanol,
96% aqueous ethanol, and 100% absolute ethanol for 1
minute (to protect the artifact-stained slides), followed
by immersing them in a xylene container for 5 minutes.
The samples were covered with a thin cover glass and ex-
amined microscopically using an Amscope optical micro-
scope with 40X magnification. The work was repeated by
taking five sections from each group G1-G4 (Y. Li et al.
2018). The data underpinning the analysis reported in this
paper are deposited at the “Data Repository” of Zenodo at
https://zenodo.org/records/14901728.

Results
Characterization of HA-DSPE

The conjugation of HA with DSPE-PEG, -NH, proceed-
ed through the interaction of primary amine (NH,) with
the carboxyl group of HA, as shown in Scheme 2.

"H-NMR spectrum for HA showed two main chemical
shifts for the N-acetyl COCH, group attached with glu-
cosamine rings of HA (8 1.88 ppm), CH protons of glu-
cosamine, and glucuronic rings of HA (8 3.20-4.41 ppm)
as presented in Fig. 1.

While the '"H-NMR spectrum for DSPE-PEG, ,-NH,
(Fig. 2) showed peaks for CH, of the terminal alkyl chain
(6 0.88 ppm), -CH, groups of the alkyl chain of DSPE (6
1.27-1.52 ppm), CH, near to the ester moiety of DSPE (8
2.33-2.79 ppm), the NH, group (8 3.20 ppm), ethyl ox-
ide units of PEG (8 3.66 ppm), CH, group between phos-
phate and carbonyl group of DSPE (8 4.16-4.35 ppm),
and NH group between phosphate and carbonyl group
of DSPE (8 7.90 ppm).
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The '"H-NMR spectrum of the conjugate (HA-PEG-
DSPE) is shown in Fig. 3, in which CH, of the termi-
nal alkyl chain (8 0.88 ppm), -CH, groups of the alkyl
chain of DSPE (6 1.27-1.52 ppm), the N-acetyl COCH,
group attached with glucosamine rings of HA (§ 1.88
ppm), ethyl oxide units of PEG (8 3.66 ppm), the NH
group between the carbonyl group of the HA moiety
and ethyl oxide units of PEG (8 6.70 ppm), and OH
groups of glucosamine and glucuronic rings of HA
(8 3.90-4.21 ppm).

Characterization and evaluation of the
prepared Vn-loaded HA-NLC

Particle size, PDI, and zeta potential deter-
mination

The prepared Vn-loaded HA-NLC showed a mean particle
size of 102 nm, PDI 0.027, and zeta potential of -44.1, as
demonstrated in Fig. 4.

Morphological examination of the prepared
Vn-loaded HA-NLC formulations by field
emission scanning electron microscope (FE-
SEM) of HA-NLC

FESEM for the prepared Vn-loaded HA-NLC showed
ellipsoidal-shaped particles with a small size, good dis-
persion without aggregation, and a smooth surface, as
shown in Fig. 5.
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In vitro drug release

A cumulative drug release from the prepared Vn-loaded
HA-NLC is shown in Fig. 6, where a biphasic release was
observed, in which an initial release for 40% of drug HA-
NLC within 4 h followed by slow release that continued to
85.23% within 48 h.

In vitro cytotoxicity and MTT assay

The results of the MTT assay are presented in Fig. 7 (con-
centration-response curve) and Fig. 8 (time response
curve). The assay measured the % of cell death for mar-
keted vinorelbine (Navelbine’), Vn-loaded NLC, and
Vn-loaded HA-NLC at various concentrations (6.25, 12.5,
25, 50, and 100 pug/mL) after 24 h, 48 h, and 72 h post-ex-
posure. In addition, Fig. 9 showed the IC50 of Navel-
bine’ (45.65 pg/mL), Vn-loaded NLC (57.29 pg/mL), and
Vn-loaded HA-NLC (35.7 ug/mL).

In vivo animal study
Animals and tumor models

Throughout the 28-day experiment, all mice’s tumor
size and body weight were continuously measured using
a vernier caliper and electronic balance to evaluate the
antitumor activity of all vinorelbine samples (marketed
vinorelbine Navelbine, Vn-loaded NLC, and Vn-loaded
HA-NLC). The results are presented in Fig. 10.
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Concerning groups G5 and G6, where SPION as
a contrast agent was included in the formulation of
Vn-loaded NLC and Vn-loaded HA-NLC (named SPI-
ON NLC and SPION HA-NLC), an MRI scan for the
mice in these groups was conducted to follow the accu-
mulation of SPION in the tumor tissue during 24 hours
(0.5 h, 4 h, 12 h, and 24 h) after I.V. injection of each
formula as presented in Fig. 11.

Histopathological and Immunohistochemis-
try (IHC) for lung tumor xenograft

The histopathological features, including cell density,
morphology, and signs of necrosis or apoptosis using
hematoxylin and eosin (HE), were examined using an
optical microscope (Fig. 12), in which mice in control
group G1 showed the typical characteristics of an un-
treated tumor, such as high cell density, uniformity,
very few or no signs of cell death, lack of immune cell
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Figure 7. Cell death percentage of the A549 lung cancer cell line for marketed vinorelbine (Navelbine’), Vn-loaded NLC, and
Vn-loaded HA-NLC at various concentrations (6.25, 12.5, 25, 50, and 100 pg/mL) at different incubation times: 24 h, 48 h, and 72 h.
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Figure 8. Time-response curves of in vitro cytotoxicity for marketed vinorelbine (Navelbine’), Vn-loaded NLC, and Vn-loaded
HA-NLC on the A549 lung cancer cell line.
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SPION NLC

SPION HA-NLC

Figure 11. T2-weighted MR images of SPION NLC and SPION HA-NLC in mice groups G5 and G6 after A. 0.5 h; B. 4 h; C. 12 hy;

and D. 24 h post L. V. injection.

G1

G2

Figure 12. Optical microscope photograph with 40X magnification using hematoxylin and eosin staining for lung cancer tissue in

mice groups G1, G2, G3, and G4.

infiltration which is typical for untreated tumor tissue.
Navelbine'-treated mice in group G2 showed slightly
reduced cellularity compared to control and moderate
inflammation around necrotic areas, while Vn-loaded
NLC-treated mice in group G3 showed a further re-
duction in cellular density, more widespread regions of
necrosis compared to groups G1 and G2, and fewer mi-
totic figures. In addition, Vn-loaded HA-NLC-treated
mice in group G4 showed shrunken or fragmented cells
due to apoptosis, as well as a large area of cell death,
with cells losing their structure and becoming eosin-
ophilic (stained pink/red), indicating the presence of

immune cells like lymphocytes and macrophages in re-
sponse to dead tumor cells.

For the immunohistochemistry (IHC) study (Fig. 13,
Table 2), the results revealed that apoptosis (represented by
BAX) was 4.5 times higher than anti-apoptosis (represented
by BCL2) in group G4 treated with receptor-mediated NLC
(Vn-loaded HA-NLC), which showed the highest ratio than
other groups. The results showed no significant difference
(P > 0.05) between mice treated with marketed vinorelbine
(group G2)andthosetreated with Vn-loaded NLC (group G3).

The expression status of BAX and BCL2 for lung cancer
tissues for groups G1-G4 is presented in Table 2.
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G4

G3

Figure 13. Optical microscope photographs with 40X magnification illustrating BAX and BCL2 expression using the IHC technique

for lung cancer tissue in mice groups G1, G2, G3, and G4.

Table 2. Effect of different treatments on BAX and BCL2 expression for lung cancer tissue using five samples for each treated

group (G1-G4).

group parameter Samplel Sample2 Sample3
Gl Bax 63 57 52
Bcl-2 53 47 46
G2 Bax 70 78 84
Bcl-2 46 57 61
G3 Bax 58 49 52
Bcl-2 41 30 27
G4 Bax 74 63 81
Bcl-2 16 11 21
Discussion

'H-NMR identification for the conjugation
of HA with pegylated DSPE (HA-DSPE)

The average degree of lipid conjugation to the HA back-
bone monomers was 30%, so the majority of HA (70%
of monomers) is free and available for binding to its re-
ceptors (CD44). It was calculated based on NMR signals
integration at 6 0.88 ppm for CH, of the terminal alkyl
chain and comparing the integration at § 1.88 ppm for the
N-acetyl COCH, group attached to the glucosamine rings
of HA (Lee et al. 2023).

Characterization of the prepared
Vn-loaded HA-NLC formulations

Particle size, PDI, and zeta potential

The small particle size and PDI may enhance the diffu-
sion of the drug through the cell and give an indication
of uniformity. In addition, the high value of zeta poten-
tial reflects excellent thermodynamic stability for the
prepared Vn-loaded HA-NLC formula, in which the hy-
aluronic acid may potentiate the negative charge on the
surface of the particle and participate in improving sys-
tem stability (Yu et al. 2020).

Sample4 Sample5 Mean Ratio BAX/BCL2
68 70 62 1.16
57 60 53
82 85 80 1.42
49 67 56
44 36 48 1.54
35 22 31
65 79 72 4.5
12 22 16

Morphology examination forvinorelbine-load-
ed HA-NLC

The prepared Vn-loaded HA-NLC showed an ellipsoidal
shape that may enhance the penetration of the prepared
Vn-loaded HA-NLC through the cell membrane. The par-
ticle size measured by FESEM was smaller than that mea-
sured by the zeta sizer in which the sample is hydrated,
while FESEM involves a prior drying step (Ortiz et al. 2021).

In vitro drug release

The in vitro drug release from the prepared Vn-loaded
HA-NLC showed a prolonged release of vinorelbine that
continued for 48 h. Such prolonged release could be at-
tributed to the increased diffusion layer around the lipid
carrier and the slow partitioning of the drug loaded with-
in the lipid carrier (Kim et al. 2018; Naama et al. 2025).

In vitro cytotoxicity and MTT assay

The results demonstrated that the drug’s cytotoxic effect in-
creased with concentration. Also, the time response curve
showed that the cytotoxic effect increased with increasing
incubation time in all concentrations used (6.25, 12.5, 25,
50, and 100 ug/mL). Within the first 24 h, the marketed vi-
norelbine (Navelbine’) showed a better cytotoxic effect than
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the Vn-loaded NLC formulation, and this was attributed to
the slow-release characteristics of the Vn-loaded NLC. At the
same time, with Navelbine’, the cells are exposed to a higher
drug concentration. However, with a longer exposure dura-
tion of 48 h and 72 h, both Navelbine and Vn-loaded NLC
showed higher but non-significant (P > 0.05) differences
in cell death. The best cytotoxic effect was obtained from
the Vn-loaded HA-NLC, which was significantly (P < 0.05)
higher in all concentrations and time exposures; this could
be attributed to the ability of hyaluronic acid to be actively
entered into the lung cancer cell through its CD44 recep-
tors, which are commonly available on the surface of the
tumor cells (Zhang et al. 2017; Serri et al. 2019), leading to
significantly (P < 0.05) lower IC50 than those observed with
non-activated NLC as well as the marketed one.

In vivo animal study
Animals and tumor models

In this study, mice in group G2 (received the Navelbine’)
showed a decline in body weight in the first 3 days that
continued to decrease to more than 15% from their orig-
inal weight at the end of the experiment, which could be
related to its gastrointestinal side effects, including an-
orexia, nausea, and vomiting, which are commonly associ-
ated with the use of chemotherapeutic agents. While mice
in group G3 (receiving Vn-loaded NLC) showed a slight
non-significant (P > 0.05) change in mice body weight,
and that was possibly related to the enhanced retention
and permeation effect of nanosized NLC inside the tumor
with the prolonged release characteristic—which might
reduce drug side effect—similar results were observed
with mice in group G1 (untreated). The best result was
observed for group G4, where mice showed an increase in
body weight in a more significant (P < 0.05) manner than
other groups, which may be attributed to the active target-
ing of tumor cells by Vn-loaded HA-NLC attributed to the
binding of HA to the overexpressed CD44 receptors that
selectively accumulate the drug to its site of action (Rashid
et al. 2020; H. Liu et al. 2024).

Within the first 10 days of starting the experiment,
mice in group G4 showed almost the same tumor volume.
Still, soft, fluidized tissue indicated improved blood sup-
ply to tissue that started upon treatment with vinorelbine
from its activated NLC. The result was significantly better
than group G3, which further indicated HA’ role in the
selective accumulation of vinorelbine (Choi et al. 2011;
Choi et al. 2011).

Further follow-up for the efficacy of vinorelbine from
its HA-activated NLC in comparison to non-activated
NLC, an MRI scan was applied to follow the accumulation
of SPION (contrast agent) for 24 hours in tumor xenograft
for mice in group G5 (treated with vinorelbine loaded in
SPION NLC) and group G6 (treated with Vn loaded in
SPION HA-NLC). Group G6 showed a high accumula-
tion of the contrast agent in tumor tissue represented by
a darker tumor region through the measurement of T2
spin-spin relaxation times. This further supported the se-

lective delivery of vinorelbine to the tumor tissue in vivo
from its HA-activated NLC compared to non-activated
NLC (Li et al. 2014; Hu et al. 2018).

Histopathological and immunohistochemistry
(IHC) for lung tumor xenograft

For histopathological use of hematoxylin and eosin (HE),
the result of the control group (G1) indicated active prolif-
eration with irregular nuclear shapes and sizes, suggesting
malignancy and some areas of necrosis and inflammation.
The Navelbine-treated group (G2) showed evidence of
cell death (necrosis) compared to group GI due to vi-
norelbine’s cytotoxic effect. Vn-loaded NLC-treated group
(G3) showed reduced tumor proliferation with increased
inflammatory response, potentially due to more tumor
cell deaths caused by the enhanced tissue retention and
permeation effects of the NLC with extended drug re-
lease, resulting in longer exposure duration. In contrast,
the Vn-loaded HA-NLC-treated group (G4) showed a
larger area of apoptosis and changes in cellular structure
in comparison to other groups, which could be attributed
to targeting a high concentration of drug at a tumor tissue
site due to hyaluronic acid-mediated endocytosis by the
major CD44 receptors and other hyaluronic receptors that
are over-expressed on the surface of tumor cancer (Var-
ghese et al. 2014; Spadea et al. 2019). The IHC study also
confirmed these results.

Conclusion

Preparing activated NLC through conjugation with hyal-
uronic acid as a ligand affects the drug’s in vitro and in vivo
behavior, leading to improved diffusion and prolonging the
retention duration of vinorelbine by increasing the accumula-
tion of the drug inside tumor tissue. The utilization of SPION
as a contrast agent further proves the role of HA and follows
up on the selective targeting of the drug to tumor tissue. Such
accumulation and targeting enhanced the cytotoxic effect of
the drug with a possible significant reduction in side effects.
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