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Abstract

Background/Obijectives: Cisplatin (CDDP) is widely used in the treatment of non-small
cell lung cancer (NSCLC); however, its clinical efficacy is limited by severe systemic toxicity.
Hyaluronic acid (HA) modification enables the targeting of CD44-overexpressing cancer
cells, enhances biocompatibility, provides controlled drug release, and prolongs systemic
circulation. This study aimed to develop high-molecular-weight hyaluronic acid-modified,
cisplatin-loaded mesoporous silica nanoparticles (HA-MSN-CDDP) to selectively target CD44-
overexpressing lung adenocarcinoma cells. Methods: HA-MSN-CDDP nanoparticles were
synthesized via the sol-gel method and characterized by FTIR, DLS, SEM, and TEM methods.
Antitumor efficacy was evaluated using both in vitro and in vivo xenograft lung cancer mod-
els in mice. Results: HA modification enabled controlled and sustained release of cisplatin
from the HA-MSN-CDDP drug delivery system. Through HA-mediated receptor-dependent
endocytosis, the nanoparticles exhibited enhanced cellular uptake and selective cytotoxicity
toward CD44-positive cells. HA-MSN-CDDP significantly reduced the cytotoxic, genotoxic,
and oxidative stress effects of free cisplatin on healthy cells while markedly enhancing apop-
tosis in A549-Luc-C8 cells. The system showed excellent hemocompatibility, supporting its
potential for intravenous use. In vivo, HA-MSN-CDDP effectively suppressed tumor growth,
mitigated lipid peroxidation, and preserved antioxidant enzyme activities (SOD and CAT)
in major organs. Histological analyses confirmed reduced cisplatin-induced nephrotoxicity.
Conclusions: HA-MSN-CDDP demonstrates strong potential as a targeted chemotherapeutic
platform for NSCLC, combining high antitumor efficacy with reduced systemic toxicity.

Keywords: cisplatin; mesoporous silica nanoparticles; hyaluronic acid; CD44; drug delivery
system; active targeting; lung cancer
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1. Introduction

Lung cancer is one of the most aggressive malignancies and remains the leading cause
of cancer-related deaths worldwide. It is classified into two main histological subtypes,
small-cell lung cancer (SCLC) and non-small-cell lung cancer (NSCLC), the latter accounting
for approximately 85% of all lung cancer cases. NSCLC includes three major subtypes:
adenocarcinoma, squamous cell carcinoma, and large cell carcinoma [1]. Current treatment
options for lung cancer include surgery, radiotherapy, chemotherapy, immunotherapy,
and molecularly targeted therapies. Although surgical resection can be highly effective,
it is often not feasible due to late-stage diagnosis, tumor invasion, or metastasis. For this
reason, chemotherapeutic agents with strong cytotoxic activity are commonly used to
manage NSCLC [2]. However, conventional chemotherapeutics often exhibit poor water
solubility due to their hydrophobic nature, necessitating high doses for therapeutic efficacy.
Moreover, their lack of tumor specificity results in poor bioavailability and severe toxic
effects on healthy tissues [3]. To overcome these limitations, nanoparticle (NP)-based smart
drug delivery systems have been developed to enhance the therapeutic performance and
safety of chemotherapeutic agents. NPs are highly suitable for biomedical applications,
particularly in oncology, owing to their small size, large surface area, and high surface
energy. They can encapsulate and protect drugs from premature degradation, enhance
solubility and bioavailability, and enable controlled and targeted delivery. This approach
allows for a reduction in the required drug dose and minimizes adverse side effects by
selectively targeting cancer cells. Both organic and inorganic nanoparticles, including
mesoporous silica nanoparticles (MSNs), have been widely investigated for drug delivery
applications in cancer therapy, including lung cancer [4-6].

MSNs are biocompatible and biodegradable inorganic NPs characterized by a high
surface area, large pore volume, tunable pore size, thermal stability, and high drug-loading
capacity. These properties make them excellent candidates for use in bioimaging, biosens-
ing, therapy, diagnostics, tissue engineering, and particularly in drug delivery [6,7]. They
can be synthesized by various methods such as hydrothermal synthesis, microemulsion
templating, and the sol-gel method. Factors such as surfactant type and synthesis condi-
tions significantly influence the physicochemical characteristics of MSNs, including particle
size and morphology as well as pore size and structure [7]. Typically, MSNs are synthesized
using tetraethyl orthosilicate (TEOS) via the sol-gel method, with particle sizes ranging
between 50 and 300 nm. These structural parameters are critical for achieving optimal
drug loading and release profiles in drug delivery applications. The ease of surface modifi-
cation further enhances their potential for targeted drug delivery. Functionalization can
be achieved through the silanol groups present on the MSN surface, forming stable Si-O
bonds that provide stability to MSN against degradation and mechanical stress. Surface
modification allows for the attachment of targeting ligands, enabling site-specific delivery
to tumor tissues [8,9]. Common targeting moieties include transferrin, folic acid, and,
notably, hyaluronic acid [7,8].

Hyaluronic acid (HA) is a natural, linear polysaccharide belonging to the glycosamino-
glycan family. It consists of repeating disaccharide units of D-glucuronic acid and N-acetyl-
D-glucosamine linked via 3-(1 — 3) and 3-(1 — 4) glycosidic bonds. HA is abundant in the
extracellular matrix of connective tissues, including the skin, synovial fluid, vitreous humor,
umbilical cord, and joint structures such as tendons, pleura, and pericardium [10]. It can be
derived from both animal and microbial sources, although animal-derived HA may trigger
allergic reactions. Based on molecular weight, HA is classified as low-molecular-weight
(LMWHA, 10-500 kDa) or high-molecular-weight (HMWHA, >500 kDa) [11]. Owing to its
biocompatibility, biodegradability, and non-immunogenic nature, HA is widely used in
orthopedics, ophthalmology, aesthetic dermatology, and oncology [10]. The CD44 receptor,
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a cell surface glycoprotein, is associated with tumor progression, metastasis, and drug resis-
tance. HA specifically recognizes and binds to CD44, making it an effective targeting ligand
for CD44-overexpressing cancer cells, including lung cancer. In addition, HA enhances
nanoparticle biocompatibility and prolongs systemic circulation by conferring a negative
surface charge [12,13]. While LMWHA has been extensively used for nanoparticle function-
alization [14-20], recent studies highlight the superior performance of HMWHA, which
offers enhanced anticancer efficacy while reducing chemotherapeutic side effects [21-25].

Cisplatin (CDDP) is a widely used, water-soluble, metal-based chemotherapeutic
agent administered intravenously. Its cytotoxic mechanism involves binding to purine
bases in DNA, forming DNA adducts that disrupt replication and transcription, arrest the
cell cycle at the G1, S, or G2/M phases, and ultimately induce apoptosis. However, due
to its lack of tumor selectivity, cisplatin also damages healthy tissues, leading to severe
side effects such as hepatotoxicity, neurotoxicity, cardiotoxicity, and nephrotoxicity [26,27].
Despite these limitations, cisplatin remains a first-line chemotherapeutic for various cancers,
including lung cancer. Notably, A549 human lung adenocarcinoma cells overexpress
CD44 receptors [16], making them suitable targets for HA-mediated delivery systems. In
this study, we developed a novel high-molecular-weight hyaluronic acid-functionalized,
cisplatin-loaded mesoporous silica nanoparticle (HA-MSN-CDDP) system designed to
target CD44-overexpressing lung cancer cells. The aim was to enhance the antitumor
efficacy of cisplatin while minimizing its systemic toxicity. The therapeutic performance
of HA-MSN-CDDP was evaluated through comprehensive in vitro and in vivo xenograft
lung cancer models.

2. Materials and Methods
2.1. Reagents and Chemicals

Hexadecyltrimethylammonium bromide (CTAB) (Sigma H5882, St. Louis, MO, USA),
tetraethyl orthosilicate (TEOS, MW: 208.33 g/mol) (Sigma 86578, Schnelldorf, Germany),
3-Aminopropyltriethoxysilane (APTES) (Sigma 440140, St. Louis, MO, USA), triethanolamine
(TEA) (Sigma 90279, Schnelldorf, Germany), Cisplatin (Hospira, Warwickshire, UK),
hyaluronic acid sodium salt from Streptococcus equi (HA, ~1.5-1.8 MDa), Sigma 53747,
St. Louis, MO, USA), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC,
Sigma E7750, St. Louis, MO, USA), N-Hydroxysuccinimide (NHS, Sigma 56480, Schnell-
dorf, Germany), methanol (Merck 106009, Darmstadt, Germany), phosphate-buffered saline
(PBS) tablets (Bioshop PBS404.100, Burlington, ON, Canada), Histopaque®—1077 (Sigma 10771,
St. Louis, MO, USA), dialysis tubing cellulose (Sigma D9277, Schnelldorf, Germany), DMEM
F12 (Gibco 11-320-033, St. Louis, MO, USA), RPMI-1640 (Gibco 11,875,093, USA), Fetal Bovine
Serum (FBS) (Sigma F7524, St. Louis, MO, USA), penicillin/streptomycin (Biochrom A2213,
Berlin, Germany), Thiazolyl Blue Tetrazolium Bromide (MTT) (Applichem A2231, Darmstadkt,
Germany), Rhodamine B (Sigma Aldrich R6626, Darmstadt, Germany), Hoechst 33342 (Sigma
B2261, St. Louis, MO, USA), Annexin V-FITC/PI Apoptosis Kit (Elabscience E-CK-A211,
St. Louis, MO, USA), LDH assay kit (Cayman Chemical Company 601170, Ann Arbor, M],
USA), Triton X-100 (Sigma T8787, St. Louis, MO, USA), Total Oxidant Status Assay Kit (TOS
kit) (Rel Assay Diagnostics, Gaziantep, Turkey), hydrogen peroxide (H,O,) (Merck, 108600,
Darmstadt, Germany), Chromosome medium B (Biochrom F5023, Berlin, Germany), potas-
sium chloride (KCl) (Sigma P-4504, Darmstadt, Germany), acetic acid (Merck 100063, Darm-
stadt, Germany), phytohemagglutinin (Biological Industries 12-006-1H, St. Louis, MO, USA),
Cytochalasin B (Sigma C6762, St. Louis, MO, USA), dimethyl sulfoxide (DMSO) (Sigma D8418,
St. Louis, MO, USA), phenylmethanesulfonylfloride (PMSF) (Sigma P7626, Beijing, China),
DL-Dithiothreitol (DTT) (Sigma D0632, Steinheim, Germany), 2-Thiobarbituric acid (TBA)
(Sigma T5500, Darmstadt, Germany), IVISense Vascular 680 Fluorescent Probe (AngioSense)
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(Revvity Health Sciences Inc. NEV10054EX, Waltham, MA, USA), Anti-Ki-67 Antibody (Sigma
AB9260, Strasbourg, France).

2.2. Synthesis of Nanoparticles
2.2.1. Synthesis of Mesoporous Silica Nanoparticles (MSNs)

MSNs were synthesized according to the method described by Ichedef et al. (2021) [28].
Briefly, 2 g of CTAB and 140 puL of TEA were dissolved in ultrapure water (UPW) and stirred
for 1 h at 95 °C. After the reaction mixture reached equilibrium, 3 mL of TEOS was added
dropwise, and the solution was stirred for an additional 1 h to allow silica condensation.
The resulting suspension was washed with ethanol and centrifuged twice at 10,000 rpm for
15 min to remove excess surfactant and byproducts. Subsequently, the obtained precipitate
was dispersed in 20 mL of methanol containing 1 mL of HCl and stirred overnight at 60 °C
to remove the CTAB template. The product was washed twice with methanol, and this
extraction step was repeated to ensure complete removal of residual surfactant. Finally, the
purified MSNs were dried in an oven at 50 °C to obtain the final MSN powder.

2.2.2. Synthesis of HA-Modified MSN (HA-MSN)

MSNs were dispersed in 30 mL of ethanol containing 500 uL of APTES for functional-
ized with amine groups and stirred overnight at 80 °C. Following the reaction, the mixture
was centrifuged at 10,000 rpm for 15 min and washed twice with ethanol and once with
acetone to remove unreacted reagents. The obtained amino-functionalized nanoparticles
(MSN-NH;) were dried in an incubator at 37 °C. HA conjugation was performed according
to the method of Yu et al. (2013) [14]. MSN-NH, (100 mg) was dispersed in 10 mL of
UPW. Separately, 37 mg of NHS, 20 mg of EDC, and 6 mg of HA (~1.5-1.8 MDa) were
dissolved in 8 mL of UPW and stirred at 550 rpm for 15 min at room temperature to activate
the carboxyl groups of HA. The activated HA solution was then added to the MSN-NH,
suspension and stirred for 4 h at 550 rpm at room temperature. The resulting HA-modified
nanoparticles (HA-MSNs) were collected by centrifugation at 10.000 rpm for 15 min (three
washing cycles with UPW), followed by drying at 37 °C.

2.2.3. Cisplatin (CDDP) Loading

CDDP was loaded into MSNs and HA-MSNs using the method by Huang et al.
(2018) [29]. In total, 40 mg nanoparticles were added to 20 mL CDDP solution (1 mg/mL
concentration) and stirred in dark at 200 rpm, 37 °C for 24 h. After the reaction they were
washed twice with distilled water at 10.000 rpm for 30 min. Then, the NPs were dried in
the incubator at 37 °C. To calculate CDDP loading efficiency, the supernatant was collected,
and CDDP content was measured in UV-vis spectrophotometer at 215 nm. Finally, drug
adsorption capacity was calculated with the equation:

1%
- ™

Q= (ci —C f) x
where Q, adsorption capacity; Ci, initiation concentration of drug; Cf, free drug concentra-
tion; V, volume of reaction medium; and m, nanoparticle dry mass.

2.3. Characterizations

The synthesized nanoparticles (MSN, HA-MSN, MSN-CDDP, and HA-MSN-CDDP)
were characterized using Fourier transform infrared spectroscopy (FTIR), dynamic light
scattering (DLS), scanning electron microscopy (SEM), and transmission electron mi-
croscopy (TEM). FTIR spectra were recorded using an FTIR spectrophotometer (IRTracer-
100, SHIMADZU, istanbul, Turkey) in the range of 400—4000 cm~ 1 at25°C to identify the
functional groups and confirm surface modifications. The hydrodynamic diameter and zeta

https:/ /doi.org/10.3390/pharmaceutics18020171


https://doi.org/10.3390/pharmaceutics18020171

Pharmaceutics 2026, 18, 171

50f26

Viable cells% =

potential of the nanoparticles were determined by DLS (Malvern Nano-ZS, Malvern, UK)
in distilled water at 25 °C. The particle size distribution, surface morphology, and struc-
tural features of the nanoparticles were examined using SEM (Thermo Scientific Apreo S,
Waltham, MA, USA) and TEM (Hitachi HT7800, Tokyo, Japan).

2.4. In Vitro Drug Release

The release of cisplatin from MSN-CDDP and HA-MSN-CDDP was evaluated in vitro
conditions under pH 7.4 and 5.5 [29]. Dialysis bags (MWCO 14.000 Da) contained 0.5 mL
samples of MSN-CDDP and HA-MSN-CDDP suspension and free CDDP solution. Then,
the dialysis bags were placed in PBS solution (20 mL, pH 7.4 and 5.5) and stirred at 100 rpm
in dark at 37 °C. To calculate releasing amount of the drug, 1 mL release medium was
collected from releasing medium at predetermined time intervals and measured at 215 nm
by UV-vis spectrophotometer (Agilent BioTek Epoch 2, Santa Clara, CA, USA).

2.5. In Vitro Assays
2.5.1. Cell Culture

Ab549-Luc-C8 (Luciferase-expressing human non-small cell lung carcinoma, CVCL-
5]13) and CCD-34Lu (Human lung fibroblast cells, ATCC-CRL-1491™) were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) Ham's F12. PBMCs (human primary
peripheral blood mononuclear cells, ATCC-PCS-800-011™) were cultured in RPMI-1640
medium. These media contain 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL
of penicillin, and 100 pg/mL of streptomycin (5% CO, and 37 °C).

2.5.2. Cellular Uptake

Cellular uptake of the HA-MSN was confirmed by fluorescent microscope via fluores-
cent dye labeling of the NPs [30]. MSN was prepared at 1 mg/mL. Then, Rhodamine B
(ratio of 1:100 according to NPs) was added to the reaction for labeling the NPs and stirring
for 2 h in dark. To remove unbound dye, the NPs were washed with distilled water three
times at 10,000 rpm for 20 min. Rhodamine B-labeled MSN was dried overnight in a 37 °C
oven to obtain powder. Then, HA modification was performed as mentioned above, and
Rhodamine B-labeled HA-MSN was obtained. A549-Luc-C8 cells were seeded 5 x 10*
cells/well into 6-well plates and incubated for 24 h. After the incubation, the cells were
treated with Rhodamine B-labeled HA-MSN (50 pg/mL) and incubation for 4 h. Then,
washing process was performed three times with PBS, and the cell nuclei were stained with
Hoechst after fixation with 2% paraformaldehyde. Finally, fluorescence images of the cells
were obtained with fluorescent microscope.

2.5.3. Cytotoxicity Analysis (MTT Assay)

The cytotoxic effects of the NPs on cancerous and healthy lung cells were evaluated
using the MTT assay as described by Mosmann (1983) [31]. Briefly, 1 x 10* cells/well were
seeded into 96-well plates and incubated for 24 h to allow cell attachment. After incubation,
the cells were treated with free CDDP, MSN, HA-MSN, MSN-CDDP, and HA-MSN-CDDP at
various drug concentrations (200, 100, 20, 10, 2, and 1 pg/mL) and incubated for 48 h at 37 °C.
Untreated cells served as the control group. Following treatment, 10 puL of MTT solution
(5 mg/mL in PBS) was added to each well, and the plates were incubated for an additional 4 h
to allow formazan crystal formation. The supernatant was then carefully removed, and 150 pL
of DMSO was added to dissolve the formazan crystals. The optical density (OD) of each
well was measured at 570 nm using a microplate reader (Synergy HT, BioTek Instruments,
Winooski, VT, USA). Cell viability (%) was calculated using the following equation:

[(the absorbance of the treated cells) — (the absorbance of the blank)]
[(the absorbance of the control) — (the absorbance of the blank)]

x 100 )
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2.5.4. Apoptosis Analysis by Flow Cytometry

Flow cytometric analysis using the Annexin V-FITC/PI Apoptosis Detection Kit was
performed to determine the apoptotic effects of free CDDP and nanoparticle formulations
on A549-Luc-C8 cells. Briefly, 5 x 10° cells/well were seeded into 6-well plates and
incubated for 24 h to allow cell attachment. The cells were then treated with free CDDP,
MSN-CDDP, and HA-MSN-CDDP at their respective ICsq concentrations and incubated
for 48 h at 37 °C. Following treatment, the cells were harvested, washed twice with cold
PBS, and stained with Annexin V-FITC and propidium iodide (PI) in the dark at room
temperature according to the manufacturer’s protocol. Finally, the stained cells were
analyzed by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) to quantify the
percentages of live, early apoptotic, late apoptotic, and necrotic cells.

2.5.5. Lactate Dehydrogenase (LDH) Cytotoxicity Assay

The cytotoxic effects of the NPs were further evaluated by measuring lactate dehydro-
genase (LDH) release using a commercial LDH Cytotoxicity Assay Kit (Cayman Chemical
Company 601170, Ann Arbor, MI, USA). LDH is a cytosolic enzyme released into the
culture medium upon plasma membrane damage, and its activity serves as an indicator
of cell necrosis. An increase in LDH activity in the culture supernatant corresponds to a
higher degree of cell membrane damage. For the assay, PBMCs were seeded at a density
of 1 x 106 cells/well in 48-well plates and incubated at 37 °C in a humidified atmosphere
containing 5% CO, and 95% air. The cells were then treated with the NPs at their respective
ICs5p concentrations for 48 h. After incubation, 90 pL of the culture supernatant from each
well (including negative control, positive control, and treatment groups) was transferred to
a new plate. Subsequently, 10 pL of LDH assay reagent was added to each well, and the
plate was incubated for 30 min at 37 °C. The absorbance was measured at 450 nm using a
microplate reader (Synergy HT, BioTek Instruments, Winooski, VT, USA). Mitomycin-C
was used as a positive control, as it induces maximal LDH release from damaged cells.

2.5.6. Total Oxidative Status (TOS) Assay

The total oxidant status of the cell culture medium was determined using a commercial
TOS assay kit following the manufacturer’s instructions. The assay is based on the oxidation
of a ferrous ion—chelator complex to ferric ions by oxidants present in the sample. The
resulting ferric ions form a colored complex with a chromogenic reagent, and the color
intensity is proportional to the total oxidant concentration. For the experiment, PBMCs
were treated with the NPs at their respective ICsy concentrations and incubated at 37 °C in
a humidified atmosphere containing 5% CO; for 2 h. After incubation, 500 uL of Reagent 1
was mixed with 75 uL of each sample, and the absorbance was measured at 530 nm after
30 min. Subsequently, 15 uL of Reagent 2 was added to each well, and the absorbance was
read again at 530 nm. A hydrogen peroxide (H,O,) standard was used to calibrate the
assay, and TOS levels were expressed as micromoles of HyO; equivalent per liter (umol
H,O, equiv./L) [32].

2.5.7. Chromosome Aberration (CA) Assay

The CA assay for PBMCs was performed as described by Guler et al. (2023) [32].
PBMCs and the ICsp concentrations of free CDDP and the NPs were added to 6 mL of
Chromosome Medium B and incubated for 72 h at 37 °C in a humidified atmosphere.
Two hours before the end of the incubation period, 0.1 mL of colcemide solution was
added to arrest cells at metaphase. Following incubation, the cells were harvested by
centrifugation, and the pellet was treated with a hypotonic solution (0.075 M KCI) to swell
the cells. The cell suspension was then re-incubated briefly and centrifuged again. The
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resulting pellet was fixed using a methanol: acetic acid (3:1, v/v) solution, and this fixation
step was repeated until the cell suspension became clear. A few drops of the fixed cell
suspension were dropped onto clean, cold microscope slides and allowed to air-dry. The
slides were then stained with Giemsa solution prepared in phosphate buffer (pH 6.8) and
left to dry at room temperature. For cytogenetic evaluation, fifty well-spread metaphase
plates were analyzed per sample under a light microscope to identify and record structural
and numerical chromosomal aberrations.

2.5.8. Micronucleus (MN) Assay

PBMCs and the ICsy concentrations of free CDDP and the NPs were added to 7 mL of
Chromosome Medium B containing 100 U/mL of penicillin, 100 ug/mL of streptomycin,
and 0.5 mL of phytohemagglutinin, and the cell culture was incubated at 37 °C for 72 h.
Cytochalasin B was added to the culture medium at 44 h of incubation. After the incubation,
the culture medium was centrifuged at 900x g for 10 min, and the obtained lymphocyte
cells were hypnotized by 0.075 M of cold potassium chloride for 30 min, and then cells were
fixed with ice-cold methanol and acetic acid (3:1, v/v). The fixed cells were put directly on
slides using Cytospin and stained with Giemsa solution. MN cells were counted under a
light microscope. For all concentrations (duplicate cultures for each concentration), at least
1000 binucleated cells were counted for the formation of one, two, or more MN [32].

2.5.9. Salmonella Reverse Mutation Assay (Ames Test)

The mutagenicity potentials of free CDDP and the NPs were determined by the Ames
test. For this purpose, TA98, TA100, TA1535 and TA1537 strains of Salmonella typhimurium
were used [33]. Aroclor 1254 was used to induce rat liver S9, and it was used for metabolic
activation (59 mixture). Each experiment was performed in triplicate. Sodium azide was
used as a positive control agent. Bacteria cultures in Xenometrix growth medium (PMM-
GMOO, LOT: K05672P) were incubated at 37 °C for 12-14 h with shaking incubator at
100 rpm continuously. Subsequently, 100 uL of cultures and 100 uLs of these compounds
(according to cisplatin concentration 50, 100 and 200 pg/mL) were added to melted top
agar (2 mL) including histidine (0.5 mM) and biotin (0.5 mM). The tubes were shaken and
then inoculated on the Minimal Glucose Agar (MGA) plates. The plates were incubated at
37 °C for 48 h. After incubation period, number of his + revertant colonies was counted.

2.5.10. Hemolysis Assay

Hemocompatibility of the NPs was analyzed with a hemolysis assay. This study was
approved by Ege University, Local Ethical Committee of Animal Experiment (No. 2021-026).
The blood samples were collected from rabbits into Li-heparinized tubes and centrifuged
at 700x g for 10 min. After obtaining the pellet, it was washed with PBS and centrifuged
again under the same conditions. Then, the pellet was resuspended with PBS pH 7.4. It was
treated with different free CDDP and NPs concentrations in tubes. Also, 1% Triton X-100
was used as positive control. The tubes were incubated in a shaking water bath for 60 min
at 37 °C and centrifuged again under the same conditions. To determine the released
hemoglobin amount, the supernatant was measured at 540 nm by spectrophotometer.
Hemolysis percentage was calculated using the following equation [32]:

Sample absorbance — Negative control absorbance

Percent hemolysis (%) = x 100 3)

~ Positive control absorbance — Negative control absorbance
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2.6. In Vivo Assays
2.6.1. Animals

The experimental procedures were approved by the Ege University, Local Ethi-
cal Committee of Animal Experiment (approval date: 27 February 2022 and approval
No. 2021-026). All procedures were conducted in accordance with the ARRIVE Guide-
line 2.0 [34]. Healthy male and female Balb/c nude mice (weighing 20-25 g) were obtained
from Izmir Biomedicine and Genome Center (Izmir-Ttirkiye). The animals were housed in
groups of six per cage in stainless steel cages under controlled environmental conditions
(22.0 £ 2.0 °C, relative humidity 45-65%) with a 12 h light/dark cycle. Throughout this
study, the animals were fed with standard laboratory feed and water, ad libitum. They
were observed daily, and body weights were recorded before and during the study period.

2.6.2. Experimental Lung Cancer Model

Subcutaneous xenograft lung tumors were established by injecting 1 x 107 A549-Luc-
C8 cells suspended in PBS into the right flank of each mouse [35]. Tumor growth and
localization were monitored using an in vivo imaging system (IVIS Spectrum, PerkinElmer
Inc., Waltham, MA, USA) with the IVISense™ Vascular 680 fluorescent probe. When the
tumor volume reached approximately 50 mm?, it was designated as day 0, and treatment
was initiated. The mice were randomly divided into four groups (n = 6 per group): Saline
(SF) as a control group, Free CDDP (10 mg/kg), MSN-CDDP (equivalent to 10 mg/kg
cisplatin), and HA-MSN-CDDP (equivalent to 10 mg/kg cisplatin). Treatments were
administered intraperitoneally (ip) twice per week for 14 days. Throughout the treatment
period, body weights and tumor sizes were monitored regularly using the IVIS system
to assess therapeutic efficacy. On day 14, the mice were sacrificed, and tumors and major
organs were excised for further histopathological and biochemical analyses [36].

2.6.3. Biochemical Analyses

After the treatment, on 14th day the blood was taken from mice hearts after ketamine +
xylazine overdose anesthesia. Then, the serum was obtained, and the biochemical analysis
was established with Fujifilm FUJI DRI-CHEM NX500V IC device (Fuji, Tokyo, Japan) with
Comprehensive S Panel kit. The dissected tissues were taken out from —80 °C, weighed,
and homogenized in phosphate buffer (pH 7.4) including PMSF and DTT. A 3 mL buffer
was used per 1 g of a tissue sample. Tissue homogenates were centrifuged at 15,000x g
at 4 °C for 15 min, and the supernatant was used as an enzyme source. Each sample was
studied with three replicates.

Total protein content of tissue samples was determined using the Bradford assay [37].
Superoxide dismutase (SOD; EC 1.15.1.1) activity was measured according to the method
described by Ewing and Janero (1995), which is based on the rate of nitroblue tetrazolium
(NBT) reduction. SOD activity was expressed as the concentration required to inhibit the
initial rate of NBT reduction by 50% (ICsg) [38]. Absorbance was measured at 560 nm
using a microplate reader (BioTek Epoch 2), and results were expressed as U/mg protein.
Catalase (CAT; EC 1.11.1.6) activity was determined according to Beers and Sizer (1951) [39].
The reaction relies on the decomposition of H,O,, and absorbance was recorded spec-
trophotometrically at 240 nm using quartz cuvettes [39]. Lipid peroxidation was evaluated
by measuring thiobarbituric acid reactive substances (TBARSs), which are products of lipid
peroxidation. Samples reacted with thiobarbituric acid (TBA), and absorbance was mea-
sured at 532 nm and 600 nm using a Perkin Elmer UV /Vis Spectrometer (Lambda 25) [40].
TBARS concentration was calculated using an extinction coefficient (&) of 155 mM ! em 1.
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2.6.4. Histological and Immunohistochemical (IHC) Assessment

Excised tissues (lung, liver and kidney) were collected in Falcon tubes and washed
with PBS. The tissues were then fixed in 10% buffered formalin overnight. After fixation,
samples were dehydrated through a graded ethanol series (70%, 80%, 96%, and 100%) and
air-dried. Tissues were subsequently cleared in xylene for 30 min until transparent and
embedded in paraffin. The paraffin blocks were sectioned at 5 um thickness, mounted onto
glass slides, and dried overnight at 37 °C. Sections were then deparaffinized, rehydrated,
and stained with hematoxylin and eosin (H&E). Histological evaluation was performed
using a light microscope (Olympus BX51, Tokyo, Japan), and images were captured with
an Olympus C-5050 digital camera.

For IHC, tissue sections were first incubated with 3% H,O; for 10 min to quench
endogenous peroxidase activity, followed by blocking with Super Block for 20 min at room
temperature. Sections were then incubated overnight at 4 °C in a humidified chamber with
a primary antibody against Ki67 (diluted 1:100). The following day, slides were incubated
sequentially with a biotinylated secondary antibody and streptavidin-HRP, each for 30 min.
Immunoreactivity was visualized using a DAB chromogen substrate (UltraTek HRP Anti-
Polyvalent, ScyTec Inc., Greenwood Village, CO, USA), and counterstaining was performed
with Mayer’s hematoxylin (Sigma-Aldrich). Stained sections were examined under a light
microscope, and representative images were captured for analysis.

2.7. Statistical Analyses

Statistical analysis of the in vitro data was performed using GraphPad Prism version 9.
Comparisons among groups were performed using one-way analysis of variance (ANOVA)
followed by Duncan’s multiple comparison test. For the in vivo studies, data were analyzed
using SPSS software version 25.0 (IBM Corp., Armonk, NY, USA). The normality of the
data distribution was assessed using the Kolmogorov-Smirnov test. Comparisons among
groups were performed using ANOVA followed by the least significant difference (LSD)
post hoc test. Data are presented as mean =+ standard deviation (SD), and a p value of < 0.05
was considered statistically significant.

3. Results and Discussion

Conventional chemotherapeutic agents often suffer from poor tumor specificity, result-
ing in low bioavailability and severe off-target toxicity. MSNs have emerged as promising
drug delivery systems for cancer therapy due to their biocompatibility, biodegradability,
high drug-loading capacity, and easily modifiable surface chemistry [7]. HA modifica-
tion, in particular, enables selective targeting of CD44-overexpressing cancer cells, making
it an effective strategy for developing chemotherapeutic-loaded NPs [12]. In this study,
high-molecular-weight HA-modified, cisplatin-loaded MSNs (HA-MSN-CDDP) were suc-
cessfully synthesized to target CD44-overexpressing lung adenocarcinoma cells, thereby
enhancing therapeutic efficacy while minimizing systemic toxicity of cisplatin.

3.1. Characterization of NPs

The chemical structure and surface functionalization of the NPs were confirmed by
FTIR spectroscopy (Figure 1a). For pure silica, a broad absorption band in the range of
3400-3600 cm ! corresponded to the v(O-H) stretching vibration, attributed to hydrogen-
bonded silanol groups. A weak peak observed at 1634 cm~! was ascribed to §(O-H)
bending vibration. The strong band at 1000-1150 cm ™! (centered around 1079 cm™!)
represented the v(Si-O-5i) asymmetric stretching of the silica network. The weak shoulder
at 961.5 cm~! was associated with v(Si-O) stretching of non-condensed silanol groups
(Si-OH), while peaks at approximately 799 cm~! and 467 cm~! corresponded to symmetric
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stretching and bending vibrations of Si—-O-5i, respectively. Successful surface silanolization
was confirmed in the FTIR spectrum of MSN-NHj. The appearance of a peak at 3610 cm ™!
indicated the presence of amine (-NH,) groups, whereas peaks at 2927 cm~! and 2856 cm ™!
corresponded to the asymmetric and symmetric stretching of -CH, groups from the propyl
chain introduced by APTES. The three characteristic Si-O-5i peaks at 1060 cm ™! (broad),
797 cm~!, and 457 cm ! were due to asymmetric and symmetric stretching and bending of
5i-O-5i vibrations from the silica network, respectively. The decreased intensities of the
bands at 1627 cm ™! and 961 cm ™! further supported the grafting of amino groups onto
surface silanol sites [41,42]. Following HA conjugation, the characteristic -NH; peaks at
3600 cm~! and 1530 cm~! disappeared, indicating successful coupling of HA to MSN-
NH,. Additionally, the appearance of a new band at 1640 cm~! corresponding to the
C=0 stretching vibration of amide bonds confirmed the formation of HA-MSN through
EDC/NHS-mediated amidation [43,44]. These results collectively verified the successful
surface modification of MSNs with HA. An amide bond was formed between amine groups
of MSNs and carboxyl groups of HA.

It is crucial that the NP administered in the drug delivery system reaches the target
area to maximize the benefit from the medication. Therefore, to ensure effective treat-
ment, the administered NP should not be rapidly eliminated from the body and remain
in circulation for an extended period [45]. The biodistribution, pharmacokinetics, and
toxicity of NPs in biological systems largely depend on their physicochemical character-
istics, particularly particle size and surface charge [46,47]. DLS analysis revealed that the
average sizes of MSN, HA-MSN, MSN-CDDP, and HA-MSN-CDDP were 137.4 + 0.7 nm,
279.7 £+ 2.8 nm, 370.7 £ 10.5 nm, and 324.8 £ 19.6 nm, respectively. It is known that
HA is a highly hydrophilic biopolymer, and DLS measurement is based on the Brownian
motion of NPs. Therefore, the size of NPs in DLS measurement has escalated after HA
modification [21,24,44]. As expected, HA modification increased the hydrodynamic diam-
eter of the NPs due to the high molecular weight and hydrophilic nature of the HA. PdI
values of the NPs were obtained, and they were nearly monodispersed. The measured
zeta potentials of MSN, MSN-NH,, HA-MSN, MSN-CDDP, and HA-MSN-CDDP were
—289£54mV, +229 £3.7mV, —204 £ 23 mV, —25.7 £ 0.8 mV, and —16.2 &+ 1.1 mV,
respectively (Figure 1b,d; Table 1). The positive surface charge of MSN-NH; confirmed
successful amine functionalization, while the subsequent decrease to a negative charge
following HA conjugation resulted from the carboxyl groups present in HA [14,44]. Dif-
ferences between DLS and electron microscopy size measurements are attributed to the
techniques used. DLS measures the hydrodynamic diameter, which includes the solvation
layer surrounding the particles in suspension, whereas SEM and TEM measure the solid
particle core [48]. SEM and TEM images confirmed that all NPs were spherical, with
well-ordered mesoporous structures and narrow size distributions (Figure 1c). The aver-
age diameters determined by electron microscopy for MSN, HA-MSN, MSN-CDDP, and
HA-MSN-CDDP were monodispersed and 53.6 + 3.6 nm, 60.6 £ 3.0 nm, 63.6 £ 6.1 nm,
and 52.7 + 2.8 nm, respectively. The size, charge and shape are related to distribution and
clearance of NPs in the biological system. The <200 nm NPs have a long circulation time in
the body. In addition, 20-200 nm NPs have high bioaccumulation in tumor sites to over-
come rapid elimination. Positive-charged NPs can induce an immune response. Therefore,
negative and neutral charges offer an advantage to NPs in terms of biomedical applications
due to escape degradation by phagocytic cells, and they are better candidates particularly
as drug carriers. Between —30 and 30 mV surface charge provides NPs stabilization and
prevents aggregation. Also, spherical shape NPs have biocompatible properties and are
easily internalized by cells [3,46,49]. Hydrophobic NPs are rapidly eliminated from the
body by phagocytes. HA has negative charge and is a highly hydrophilic biopolymer. MSN
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has hydrophilic properties and excellent colloidal dispersity after conjugation with HA. In
this way, the researchers have solved the agglomeration problem of MSNs, increasing the
circulation time and the chance of reaching the tumor [41]. Taken together, HA-MSN-CDDP
has a good drug candidate for anticancer therapy owing to its determined physicochemical
properties. CDDP was loaded into MSN/HA-MSN pores. Non-covalent interaction, espe-
cially adsorption, occurred between CDDP and MSN/HA-MSN due to the mesoporous
structure of MSNs, which provides the high loading drug capacity. Considering the drug
loading content, the following was determined: 348.4 mg cisplatin/g MSN-CDDP and
345.6 mg cisplatin/g HA-MSN-CDDP.

3.2. In Vitro Antitumor Efficiency and Toxicity
3.2.1. Drug Release Profiles

The purpose of smart drug delivery systems is to enhance the bioavailability of anti-
cancer agents by preventing their premature release, enabling targeted accumulation at the
tumor site, and ensuring controlled drug release under physiological conditions [45]. To
evaluate the release behavior of cisplatin, drug release studies were conducted at pH 7.4
and pH 5.5, which simulate the physiological pH of blood and the acidic microenviron-
ment of tumors, respectively, at 37 °C, corresponding to human body temperature. As
shown in Figure 2a,b, the cumulative release profiles of CDDP followed the order free
CDDP > MSN-CDDP > HA-MSN-CDDP at both pH conditions. The slower release ob-
served from HA-MSN-CDDP demonstrates that surface modification with HA not only
prolongs systemic circulation but also provides sustained and controlled drug release.
Similar controlled-release behavior has been reported for HA-modified NPs encapsulating
various chemotherapeutics, including CDDP [20,21,50,51].

3.2.2. Confirmation of Cellular Uptake

Cellular internalization of the nanoparticles was further confirmed using Rhodamine
B-labeled HA-MSN. The nuclei of A549-Luc-C8 cells were counterstained with Hoechst
dye (blue), while Rhodamine B fluorescence (red) indicated the localization of the NPs.
Although the red fluorescence signals were not contained in the control group (Figure 2c), as
shown in Figure 2d, the red fluorescence signals were distributed in the perinuclear region,
confirming the successful uptake of HA-MSN by A549-Luc-C8 cells. HA modification
provides to increase in NPs uptake thanks to the CD44-specific affinity of HA. It is known
that cellular uptake of HA-modified NPs is realized by receptor-mediated endocytosis. In
parallel with our results, HA has improved cellular uptake of chemotherapeutic-loaded
NPs into CD44 overexpressing cells by endocytosis [14,17,52].
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Figure 1. (a) Fourier transform infrared (FTIR) spectra for MSN (black), MSN-NH, (red) and HA-
MSN (blue). (b) Zeta potential of the NPs. (¢) Scanning electron microscopy (SEM, bar scale 500 nm)
and Transmission electron microscopy (TEM, bar scale 100 nm) images of the MSN, HA-MSN, MSN-
CDDP and HA-MSN-CDDP. (d) Dynamic light scattering (DLS) size distributions of MSN, HA-MSN,
MSN-CDDP and HA-MSN-CDDP.

Table 1. Size, zeta potential and PdI values of the NPs. Data is presented as mean + SD.

Groups Size (nm) Surface Potential (mV) PdI
MSN 1374 £ 0.7 —289+54 0.146
HA-MSN 279.7 £ 2.8 —204£23 0.121
MSN-CDDP 370.7 £10.5 —25.7+0.8 0.406
HA-MSN-CDDP 3248 £19.6 -162+1.1 0.372
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Figure 2. Invitro drug releases of Cisplatin from CDDP, MSN-CDDP and HA-MSN-CDDP in
phosphate-buffered saline (PBS): (a) pH 7.4, (b) pH 5.5. (c) Fluorescence microscope image of cellular
uptake of control group (scale bar 10 um) (d) and Rhodamine B-labeled HA-MSN by A549-Luc-C8
cells (scale bar 10 um). (e) PBMC, (f) CCD-34Lu, (g) A549-Luc-C8 cell viabilities after 48 h of treatment
to 1, 2,10, 20, 100 and 200 pug/mL (according to Cisplatin concentration) of CDDP, MSN, HA-MSN,
MSN-CDDP and HA-MSN-CDDP. (h) Apoptosis rate after CDDP, MSN-CDDP and HA-MSN-CDDP
treatment (according to ICsy concentrations on A549-Luc-C8 cells). Data is presented as mean+ SD
from three repeats and three independent experiments. * Statistically significant difference compared
to the control group (p < 0.05).
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3.2.3. Cytotoxic, Apoptotic and Oxidative Stress Effects of NPs

In drug delivery applications, NPs can interact with cells and induce cytotoxic and/or
genotoxic effects, often associated with oxidative stress generation. The extent of these toxic
responses depends largely on the physicochemical characteristics of the NPs, including
size, surface charge, and composition [7,49]. The anticancer activities of free CDDP, MSN-
CDDP, and HA-MSN-CDDP were evaluated in A549-Luc-C8 lung adenocarcinoma cells.
Free CDDP exhibited a strong cytotoxic effect against the cells with an ICsy value of
6.73 £ 0.29 pug/mL. In contrast, the ICsg values of MSN-CDDP and HA-MSN-CDDP were
86.03 + 7.48 pg/mL and 42.03 £+ 8.63 ug/mL, respectively, indicating that HA-MSN-
CDDP maintained significant anticancer activity while reducing toxicity compared to free
CDDP (Figure 2e—g; Table 2). On the other hand, CDDP has a very serious cytotoxic
effect on healthy CCD-34Lu and PBMC cells. The healthy cell viabilities for all applied
concentrations of HA-MSN were over 50%. High concentrations of MSN-CDDP exhibited
cytotoxic activity, with an IC50 value of 88.75 £ 29.1 ug/mL and 65 £+ 1.52 pug/mL on
CCD-34Lu and PBMC cells, respectively. However, HA-MSN-CDDP has a high percentage
of cell viability on CCD-34Lu cells even at the highest applied concentration of 200 ug/mL.
In addition, the IC50 value of HA-MSN-CDDP on PBMC cells was 76 + 2.25 pg/mL. CDDP
induces apoptosis by interacting with DNA and destroying cancer cells. However, it also
causes an unwanted cell killing mechanism, which is necrosis [53]. In this study, CDDP
induced not only apoptosis but also necrosis for A549-Luc-C8 cells. Early apoptosis was
identified as the main mechanism of action. Treatment with HA-MSN-CDDP led to an
increased rate of late apoptosis while reducing necrosis, likely due to HA-CD44 interactions
and the controlled release of CDDP. Also, HA-MSN-CDDP has stronger apoptotic effect
than MSN-CDDP (Figure 2h).

Table 2. Cytotoxicity of CDDP and the nanoparticles on the cell lines.

ICs5p (ug/mL) (Mean + SD)

Groups
A549-Luc-C8 CCD-34Lu PBMC
CDDP 6.73 £0.29 5.45 £ 0.19 7.5+0.82
MSN - >200 121.3 +3.42
HA-MSN - >200 >200
MSN-CDDP 86.03 £ 7.48 88.75 £ 29.1 65 + 1.52
HA-MSN-CDDP 42.03 + 8.63 >200 76 £ 225

HA-MSN-CDDP was effectively uptaken by CD44-overexpressing A549-Luc-C8 cells.
In parallel with our results, apoptosis induction of CDDP in CD44 overexpressing MCF?7,
U87 and MDA-MB-231 cells has increased thanks to HA [24,51,53]. In parallel with the
MTT results, the LDH activity of HA-MSN-CDDP in PBMC cells was quite lower (4.28-fold)
than CDDP (Figure 3a). TOS activity results showed that MSN-CDDP and HA-MSN-CDDP
have 1.9-fold and 2.7-fold decreases compared to CDDP, respectively (Figure 3b). Although
CDDP has a drastic anticancer effect on the lung cancer cells compared to the CDDP-loaded
NPs, it has caused unwanted cytotoxic activity on the healthy cells. HA-MSN-CDDP has
better anticancer activity and is safer than MSN-CDDP thanks to HA modification. HA
modification of HA-MSN-CDDP provides negative surface charge, hydrophilicity, stability
in medium/biological system, targeting ability to CD44 and decreasing non-specific toxicity,
and these properties make it a better drug candidate. Likewise, HA modification reduces
cytotoxicity on different healthy cells of drug delivery systems thanks to CD44-specific
interaction [18,19,43,50,53,54].
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Figure 3. (a) Lactate Dehydrogenase (LDH) release levels in the cells exposed to ICsy concentrations
of CDDP, MSN, HA-MSN, MSN-CDDP and HA-MSN-CDDP after 48 h. (b) Total oxidative stress
(TOS) levels in the cells after CDDP, MSN, HA-MSN, MSN-CDDP and HA-MSN-CDDP treatment at
ICsg concentrations. (¢) Chromosomal aberration (CA) ratio in PBMCs after exposure to CDDP, MSN,
HA-MSN, MSN-CDDP and HA-MSN-CDDP for 72 h. (d) Micronucleus (MN) ratio in PBMCs after
exposure to IC5) concentrations of CDDP, MSN, HA-MSN, MSN-CDDP and HA-MSN-CDDP for
72 h. (e) Hemolytic effect after CDDP, MSN, HA-MSN, MSN-CDDP and HA-MSN-CDDP treatment
(1, 10, 100 and 200 pg/mL according to Cisplatin). All data is presented as mean & SD from three
repeats and three independent experiments. Different letters (a, b, ¢, d, and e) in the column indicate
statistical differences between the groups (p < 0.05).

3.2.4. Genotoxic Effect

Genotoxic effect of NPs occurs in two ways: directly interacting with DNA or inducing
ROS formation [47]. Also, CDDP causes mutagenicity and carcinogenicity. In the AMES test,
CDDP has led to mutagenic effects on TA98, TA100 and TA102 strains of S. typhimurium [55].
Our results showed that CDDP had a significant mutagenic effect on TA98, TA100, TA1535
and TA1537 strains of S. typhimurium. MSN-CDDP and HA-MSN-CDDP decreased the
effect, and the mutagenicity was concentration-dependent (Table 3). In addition, in the CA
test, MSN-CDDP and HA-MSN-CDDP showed 2.5-fold and 4-fold decreasing chromosome
aberration compared to CDDDP, respectively, and in the MN test, MSN-CDDP and HA-MSN-
CDDP showed 2.36-fold and 3.55-fold decreasing micronucleus formation compared to
CDDP, respectively (Figure 3c,d). In parallel with our results, genotoxicity of CDDP has
decreased via NP administration [56].
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Table 3. His+ revertant colony numbers after treatment.
His* Revertant Colony Numbers (Mean + SD)
Groups Conc. (ng/mL) TA 98 TA 100 TA 1535 TA 1537

-S9 +S9 -S9 +S9 -S9 +89 -S9 +89
NC 100 uL 13+£1 15£5 110+ 4 119+9 12£2 2842 6+1 9+3

200 1050 + 212 1043 + 106 410+ 42 623 + 174 61+5 92 +26 4+1 120 £ 59
CDDP 100 88+ 6 69 +13 211423 476 £ 175 3+2 5+1 4+1 9+1
50 63 +£27 59+ 34 153+ 10 109 £ 23 8+1 6+6 5+3 7£1
200 13+£1 14£1 184 + 36 169 £5 35+11 2646 9+2 9+2
MSN 100 18+£4 154 176 £17 145+2 42429 14+£4 8+4 5+2
50 11+£2 2244 119 £ 69 102 +2 30+5 43+17 8+4 5+2
200 20£3 201 205+29 2102 2+7 23+1 542 241
HA-MSN 100 l6+1 1243 192+6 242 +£53 20+6 27 £4 8+1 77
50 l6t£4 15+£10 188 + 46 20144 20+1 166 4+4 5+1
200 17 £5 20+10 171+£8 330+ 71 27 +2 2942 6+1 2+1
MSN-CDDP 100 10£6 19+4 138+ 9 2106 11+£3 8+1 8+2 8+1
50 17+1 179+ 19 124420 192420 11+4 16+3 6+1 8+1
HA-MSN 200 2444 241 216 =6 204411 2149 3044 7+4 6+3
C]_DDP B 100 l6£1 l6£6 172 £5 148 +17 184 3246 5+2 7+4
50 9+4 24413 147 £ 24 164 + 34 6+1 16+£9 5+3 5+4

PC 100 1600 + 42 1720 £55 1560 + 57 1410 £ 42 1480 +113 1200 £ 113 3360 £+ 54 485+ 35

NC: distilled water, PC: sodium azide.

3.2.5. Hemolytic Effect

Since cisplatin is administered intravenously, it is crucial that the designed NP drug
delivery system exhibits good hemocompatibility. The hemolytic effect of MSNs depends
on various factors such as size, surface charge, concentration and pore structure. An MSN
has a lower hemolytic effect than non-porous silica NPs [57,58]. According to ISO/TR
7406, NPs exhibiting a hemolytic rate below 5% are considered hemocompatible. As shown
in Figure 3e both free CDDP and CDDP-loaded nanoparticles demonstrated hemolysis
rates within this acceptable range, confirming their hemocompatibility. Notably, HA-MSN-
CDDP exhibited a lower hemolytic effect compared to MSN-CDDDP, indicating that HA
surface modification further improved blood compatibility. The enhanced hemocompatibil-
ity of HA-MSN-CDDP is attributed to the shielding of silanol groups on the MSN surface,
which are otherwise capable of interacting with and disrupting erythrocyte membranes,
potentially causing hemolysis [58]. The introduction of HA provided a negatively charged,
hydrophilic, and biocompatible surface, effectively reducing erythrocyte membrane inter-
actions and improving systemic safety [17,22,51].

3.3. In Vivo Antitumor and Toxicity Efficiency
3.3.1. Antitumor Efficacy in Xenograft Lung Cancer Mouse Model

The therapeutic efficacy of free CDDP and CDDP-loaded NPs was evaluated using
a xenograft lung adenocarcinoma mouse model (Figure 4; Table 4). The control group
(SF) showed no inhibition of tumor growth. Free CDDP treatment resulted in moderate
tumor suppression compared to the control group. Although MSN-CDDP lacks an active
tumor-targeting mechanism, it produced a greater reduction in tumor growth than free
CDDP. Among all treatment groups, HA-MSN-CDDP demonstrated the most potent an-
titumor activity, leading to a significant reduction in tumor volume compared to CDDP
and MSN-CDDP groups. While mice treated with CDDP exhibited noticeable body weight
loss, no significant changes in body weight were observed in any of the NP-treated groups
(Table 5). Likewise, unfortunately, tumor volume has increased through free CDDP treat-
ment [36,51,53]. Also, free CDDP treatment has not prevented animal death [24,36]. In
contrast, HA-MSN-CDDP significantly prevented body weight loss and suppressed tumor
growth, confirming its superior therapeutic efficacy. Organ and relative organ weights of
experimental groups are presented in Tables 6 and 7, further supporting the systemic safety
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of HA-MSN-CDDP. In parallel with our results, different chemotherapeutic-loaded NPs
have effective cancer treatment while maintaining animal weight stability and survival
thanks to HA modification in breast, colon, and lung cancer [16,52,54,59-61]. The enhanced
efficacy is primarily attributed to HA-mediated CD44 receptor targeting, which promotes
selective tumor accumulation and internalization. Consequently, HA-MSN-CDDP achieved
higher therapeutic efficiency while minimizing off-target toxicity, thereby improving the
overall survival rate of tumor-bearing mice.

Day0 Day 7 Day 14 Day 0 Day 7 Day 14
: : 4 MSN
SF _ : ? . CDDP
HA
CDDP MSN
CDDP

Edrt e

Figure 4. In vivo imaging of tumors in experimental animal groups at day 0, 7 and 14 by IVIS
spectrum (excitation = 640 nm and emission = 700 nm).

Table 4. The region of interest (ROI) values of mice in experimental groups.

(Total ROI Values + SD) x 10% ROI Value Changes (%) from

Treatment Groups

Day 0 Day 7 Day 14 Day 0 to Day 14
Control (SF) 1.340 £ 0.109 2.791 £ 0.086 3.282 + 0.363 245
CDDP 1.157 + 0.319 3.079 £ 0.851 2.239 £ 0.085 93
MSN-CDDP 1.314 £ 0.601 3.150 &+ 1.008 2.059 £0.770 57
HA-MSN-CDDP 1.269 + 0.335 1.164 + 0.337 0.845 + 0.057 —33

Table 5. Total body weight values of animals in experimental groups starting from day 0 to 28, where
tumor injection on day 14 is regarded as day O for the treatment.

Total Body Weights (Gram) (Mean + SD)

Treatment Dav1a Dav 21 Dav 28
Groups ay ay ay
P Day 0 Day7 (Day 0) (Day 7) (Day 14)
Control (SF) 2473 £ 3.72 2426 +2.41 21.96 4+ 1.36 22.24 +1.35 21.49 - 1.84
CDDP 24.16 + 2.88 24.60 £+ 3.24 22.25+2.79 21.01 +1.86 19.80 £ 1.35
MSN-CDDP 2290 +2.87 2320 £2.77 24.41 + 3.06 24.49 £+ 3.99 23.99 + 3.51
HA-MSN-CDDP 21.09 +2.39 21.10 £ 3.85 22.67 & 2.65 23.23 £ 3.26 23.03 £ 3.09
F 0.487 0.378 0.198 0.478 1.337
p 0.700 0.772 0.895 0.706 0.329
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Table 6. Organ weights of mice in experimental groups at the end of this study.
Treatment Organ Weights (Gram) (Mean £ SD)
Groups Heart Brain Lung Liver Kidney
Control (SF) 0.14 £ 0.026 0.27 +0.021 # 0.20 + 0.078 # 1.354+0.19 0.35 +0.011 *
CDDP 0.14 £0.017 0.21 £ 0.008 * 0.14 £0.022 * 1.02 £ 0.16 0.22 £0.011 %
MSN-CDDP 0.14 £ 0.030 0.28 & 0.006 * 0.21 £ 0.036 * 1.49 + 0.40 0.45 4 0.080 *
HA-MSN-CDDP 0.15 £ 0.025 0.27 £ 0.015 # 0.17 £ 0.021 143 £0.28 0.42 + 0.064 *
F 0.130 19.984 0.637 2.135 4.003
P 0.939 0.000 0.612 0.174 0.050
* Statistically significant difference compared to the control group (p < 0.05).  Statistically significant difference
compared to the CDDP group (p < 0.05).
Table 7. Relative organ weights of mice in experimental groups at the end of this study.
Treatment Relative Organ Weights (Gram) (Mean + SD)
Groups Heart Brain Lung Liver Kidney
Control (SF) 0.0065 £ 0.0009 #  0.0127 4 0.0010 0.0095 + 0.0062 0.063 £ 0.0017 0.016 + 0.0008 #
CDDP 0.0079 £ 0.0005*  0.0118 £ 0.0014 0.0079 + 0.0010 0.057 £ 0.0017 0.012 + 0.0007 *
MSN-CDDP 0.0059 + 0.0007 #  0.0124 + 0.0035 0.0089 + 0.0010 0.062 + 0.0030 0.019 + 0.0007 #
HA-MSN-CDDP  0.0066 + 0.0010 #  0.0125 =+ 0.0023 0.0076 £+ 0.0017 0.063 £ 0.0047 0.018 + 0.0006 *
F 4.090 0.093 0.204 2.458 27.624
P 0.049 0.962 0.891 0.138 0.000

* Statistically significant difference compared to the control group (p < 0.05). # Statistically significant difference
compared to the CDDP group (p < 0.05).

3.3.2. Biochemical Evaluation

The biochemical parameters measured after treatment are summarized in Table 8. It is
known that values of biochemical parameters are wide range in mice. Total protein (TP)
and albumin (ALB) are important indicators of general health status and liver function.
In the present study, TP and ALB levels remained within the normal reference range [62]
across all experimental groups, indicating the absence of hepatic dysfunction. Because the
kidneys are the primary route of cisplatin excretion, nephrotoxicity is a common adverse
effect of platinum-based chemotherapeutics. Therefore, BUN and CRE levels were assessed
in all groups, as they are key markers of renal function, and renal tissues are particularly
vulnerable to CDDP-induced damage due to drug accumulation [26,63]. Consistent with
this, animals receiving cisplatin alone displayed elevated BUN and CRE levels, confirming
nephrotoxicity. In contrast, these values in the HA-MSN-CDDP-treated group remained
within the normal reference range [62], demonstrating that HA-MSN-CDDP effectively
attenuates cisplatin-induced renal toxicity.

The antioxidant defense system plays a critical role in maintaining cellular homeosta-
sis by neutralizing reactive oxygen species (ROS). Free CDDP is known to induce ROS
overproduction, leading to oxidative stress and lipid peroxidation, which contribute to hep-
atotoxicity and nephrotoxicity [26]. CDDP treatment decreases the activity of antioxidant
enzymes such as superoxide dismutase and catalase, while increasing lipid peroxida-
tion [64]. As shown in Table 9, treatment with HA-MSN-CDDP significantly restored SOD
and CAT activities and reduced TBARS levels compared to free CDDP, indicating effective
protection against oxidative damage. These results demonstrate that HA-MSN-CDDP not
only reduces systemic and renal toxicity but also alleviates oxidative stress through preser-
vation of antioxidant enzyme activities. Furthermore, biochemical findings supported the
histopathological analyses.
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Table 8. Biochemical parameters of mice in experimental groups. Data are presented as mean & SD.

Biochemical

Parameters Control (SF) CDDP MSN-CDDP HA-MSN-CDDP
Total Protein (g/dL) 53 +029 5.5 4 0.30 49+ 0.15 5.0 + 045
ALB (g/dL) 23 +0.12 2.4 +0.20 2.1+0.16 2.5+ 0.25
GLOB (g/dL) 3.0+ 0.22 3.1+0.15 2.8 +0.21 2.7 +0.19
GLU (mg/dL) 154 + 10.1 114 + 15.8 163 + 11.6 171 + 104
ALT (U/L) 42 + 3.55 37 +5.18 44 +12.2 56 + 3.61
ALP (U/L) 63.0 + 4.81 77 + 8.54 36 + 5.15 <14
GGT (U/L) <10 <10 <10 <10
TBIL (mg/dL) 1.3 £+0.32 2.0+ 0.23 1.4 +0.18 0.7 £0.25
TCHO (mg/dL) 64 + 6.80 64 +4.75 65 + 3.24 52 +7.52
CRE (mg/dL) 0.77 +0.21 0.85 + 0.10 0.82 + 0.09 0.52 £+ 0.26
BUN (mg/dL) 419 + 1.28 433+ 1.54 31.8 +0.09 274+ 0.11
Ca (mg/dL) 10.3 + 1.05 9.4+ 051 95+ 1.12 7.7 +1.18
Inorganic P (mg/dL) 82+0.13 7.9 +0.81 6.9 +0.35 7.5+ 032

Table 9. SOD, CAT and lipid peroxidation levels of mice in experimental groups.

Treatment Groups SOD ) CAT ) Lipid Peroxidati.on
(U/mg Protein) (U/mg Protein) (nmol/mg Protein)
Lung
Control (SF) 0.442 4+ 0.028 * 0.822 + 0.018 * 0.035 + 0.008 *
CDDP 0.233 4+ 0.027 * 1.111 + 0.027 * 0.050 + 0.009 *
MSN-CDDP 0.186 4 0.016 ** 0.348 + 0.030 *# 0.020 £ 0.002 *#
HA-MSN-CDDP 0.173 4 0.015 ** 0.505 4 0.028 ** 0.027 4 0.003 #
F 12.065 487.130 12.104
P 0.000 0.000 0.002
Liver
Control (SF) 0.120 £+ 0.070 # 0.180 = 0.011# 0.020 + 0.003 #
CDDP 0.076 + 0.030 * 0.389 4 0.049 * 0.032 4+ 0.009 *
MSN-CDDP 0.094 + 0.021 * 0.463 =+ 0.020 *# 0.020 + 0.001 *
HA-MSN-CDDP 0.198 £ 0.041 *# 0.520 £ 0.016 ** 0.017 £ 0.002 *
F 5.018 81.981 4.962
P 0.036 0.000 0.031
Kidney
Control (SF) 0.106 £ 0.029 # 0.362 £+ 0.021 # 0.052 £ 0.002 #
CDDP 0.077 4 0.010 * 0.503 4 0.020 * 0.100 =+ 0.005 *
MSN-CDDP 0.176 + 0.018 ** 0.538 + 0.028 * 0.217 £ 0.018 **
HA-MSN-CDDP 0.122 4+ 0.016 * 0.480 =+ 0.022 *# 0.128 =+ 0.003 *#
F 22.006 41.742 141.399
P 0.000 0.000 0.000

* Statistically significant difference compared to the control group (p < 0.05). # Statistically significant difference
compared to the CDDP group (p < 0.05).
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3.3.3. Histological and Immunohistochemical Evaluation

Histological analyses of lungs, liver, and kidney tissues were performed using routine
hematoxylin—eosin (H&E) staining. Both stromal and parenchymal regions were examined
for potential histological alterations (Figure 5). In lung tissue, the bronchiolar epithelia
and most alveoli appeared normal in the control (SF) group. However, occasional inter-
alveolar congestion, alveolar wall thickening, edema accumulation, and inflammation
were observed in some alveoli. Extensive bronchiolar epithelial degeneration and lumi-
nal epithelial debris were observed in the CDDP treatment group. Only a few alveoli
were of normal appearance, whereas widespread inflammation, edema, congestion, intra-
alveolar hemorrhage foci, and focal atelectasis were noted. Inflammation in perivascular
and peribronchiolar areas was significantly reduced in the MSN-CDDP treatment group.
Bronchiolar epithelial degeneration was limited to a small number of cells. Interalveolar
inflammation and edema were minimal, and intra-alveolar hemorrhage and atelectasis
were absent. On the other hand, bronchioles and alveoli appeared normal in the HA-MSN-
CDDP treatment group, while only minor, localized inflammation foci were observed. In
kidney tissue, glomeruli, tubules, interstitium, and blood vessels appeared normal in the
control (SF) group. Severe alterations were noted, including hyaline deposits in proximal
tubules leading to narrowed tubular lumens, dilated lumens with epithelial debris, de-
generate glomeruli, loss of microvilli, and proximal tubular epithelial degeneration in the
CDDP treatment group. Also, widespread interstitial inflammation was observed in this
group. Mild atypical morphological changes occurred in some proximal and distal tubular
epithelial cells, with slight lumen narrowing in the MSN-CDDP treatment group, while
glomeruli and interstitial areas remained normal. No histological changes were detected
in the HA-MSN-CDDP treatment group. When comparing the control group, glomeruli,
tubules, interstitium, and blood vessels were of normal appearance in this group. In liver
tissue, no histological changes were observed in any group, with normal portal triads,
sinusoidal areas, and hepatocytes across all samples. In our study, HA-MSN-CDDP reduces
CDDP-induced nephrotoxicity. This effect is attributed to the CD44-specific targeting of HA,
which directs the nanoparticles toward A549-Luc-C8 tumor cells, and the controlled release
of CDDP at the tumor site. In contrast, free chemotherapeutics often induce off-target
side effects in healthy organs. By employing HA-modified, drug-loaded nanoparticles, it
is possible to simultaneously achieve effective antitumor activity and minimize systemic
toxicity, offering a safer and more efficient therapeutic strategy [15,16,54,60,61].

Lung Liver Kidney

Figure 5. Cont.
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Figure 5. Histological images of lungs, liver and kidney tissues (H&E staining). Experimental
groups: (A) SF; (B) CDDP; (C) MSN-CDDP; (D) HA-MSN-CDDP. Lung (B: bronchioles; A: alveoli;
e: epithelium; ed: epithelial degeneration; arrow: interalveolar hemorrhage; arrowhead: epithelial
eruptions; k: congestion; asterix (*): edema; i: inflammation; atl: atelectasis). Magnification: %10, bar
100 pm; liver (CV: central vein; h: hepatocyte; k: Kupfer cell; s: sinusoid). Magnification: x10, bar
100 pum; kidney (G: glomerulus; b: Bowman capsule; e: tubule epithelial cell; p: proximal tubule; d:
distal tubule; v: vein; asterix: tubular and glomerular degeneration; arrow: increased proximal tubule
hyaline cylinder: ed: cytoplasmic vacuolization and tubule epithelial degeneration; i: inflammation;
amd: atypical morphological change; ts: tubular stenosis). Magnification: %20, bar 50 um.

Ki67 immunohistochemical analysis was performed to assess cell proliferation in
lungs, liver, and kidney tissues across all experimental groups (Figure 6). In lung tissue,
the SF group exhibited the highest number of Ki67-positive cells, indicating elevated
proliferation, whereas the CDDP group showed a reduced expression, and the HA-MSN-
CDDP group demonstrated the lowest Ki67 expression. Similarly, in liver and kidney
tissues, Ki67 expression was highest in the SF group and lowest in the HA-MSN-CDDP
group, suggesting that HA-MSN-CDDP effectively suppresses abnormal cell proliferation
in both tumor and healthy tissues. Likewise, HA-modified NPs have effectively inhibited
metastasis [52].

Figure 6. Cont.
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Figure 6. Ki67 immunohistochemistry expressions in lung, liver, and kidney tissues. Experimental
groups: (A) SF; (B) CDDP; (C) MSN-CDDP; (D) HA-MSN-CDDP. Arrow: cells expressing Ki67.
Magnification: %20, bar 50 um.

4. Conclusions

Over the past decade, numerous anticancer drug delivery systems have been devel-
oped using NPs functionalized with low-molecular-weight hyaluronic acid (LMWHA)
to achieve tumor-specific targeting. In contrast, the present study is the first to demon-
strate the successful synthesis and characterization of high-molecular-weight hyaluronic
acid-functionalized, cisplatin-loaded mesoporous silica nanoparticles (HA-MSN-CDDP)
designed for active CD44-mediated delivery of CDDP. The HA-MSN-CDDP formulation
exhibited controlled cisplatin release and enhanced cellular uptake in CD44-overexpressing
A549-Luc-C8 lung adenocarcinoma cells. In vitro assays confirmed that HA-MSN-CDDP
significantly reduced the undesired cytotoxic, genotoxic, and oxidative stress-inducing
effects of free CDDP on healthy cells while markedly increasing apoptosis in the cancer cells.
Moreover, the HA-modified NP system showed excellent hemocompatibility, indicating
its suitability for intravenous administration. In the xenograft lung cancer mouse model,
HA-MSN-CDDP effectively inhibited tumor growth, prevented body weight loss, and
maintained antioxidant enzyme activity compared to free CDDP. Histological analyses
further demonstrated that HA-MSN-CDDP alleviated cisplatin-induced nephrotoxicity,
confirming its biocompatibility and organ-protective effects. Collectively, these findings
indicate that HA-MSN-CDDP represents a promising targeted chemotherapy platform for
lung cancer treatment. Its high biocompatibility, controlled drug release, and efficient tumor
suppression make it a valuable candidate for further preclinical and clinical development
in precision nanomedicine.
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