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of gemcitabine to lung cancer
cells via a hyaluronic acid-based nanoplatform

Fengbo Yu,ab Jingdan Cao,b Xingjun Fan,d Junxia Gao,c Guifang Liu,b Chonghuan Lin,b

Ying Zhub and Qiang Wang *c

Tomitigate the dose-limiting toxicity of gemcitabine (GEM) in lung cancer therapy, we developed a targeted

hyaluronic acid (HA)-based nanoplatform with sustained drug-release capabilities—GEM@HA-(HAP/PSI).

The system consisted of a hydroxyapatite/polysuccinimide (HAP/PSI) composite core for efficient drug

loading, with surface-conjugated HA serving as a CD44-targeting ligand. Following systematic

optimization using response surface methodology, the resulting spherical nanoparticles (∼100–200 nm)

exhibited pH-responsive drug release, good biocompatibility, and negligible hemolytic activity. In vitro

studies using CD44-high A549 and CD44-low H358 cells confirmed that CD44-mediated active

endocytosis was the predominant uptake pathway for the nanoplatform. Treatment with the optimized

formulation (GEM@HA-(HAP/PSI)10) led to significantly greater cytotoxicity, inhibition of cell migration

and colony formation, and apoptosis induction than treatment with a non-targeted control formulation.

Importantly, in A549 xenograft mouse models, GEM@HA-(HAP/PSI)10 achieved superior tumor growth

suppression relative to free GEM while also maintaining a favorable safety profile. Collectively, these

findings indicate that the HA-targeted nanoplatform developed in this study enhances the precision and

therapeutic efficacy of GEM delivery and holds promise for reducing its systemic toxicity.
1. Introduction

Lung cancer remains a critical global public health challenge.
According to the 2022 Global Cancer Statistics (GLOBOCAN)
released by the International Agency for Research on Cancer
(IARC), cancer was responsible for an estimated 9.67 million
deaths worldwide, accounting for approximately 250 million
disability-adjusted life years.1 Notably, China bears the highest
burden of this disease globally, with lung cancer exhibiting the
highest incidence (1.06 million new cases) and mortality (733
300 deaths) among all cancer types.2 Current clinical manage-
ment strategies for lung cancer include surgical resection, tar-
geted therapy, immunotherapy, chemotherapy, and
radiotherapy. Surgery can provide a 5-year survival rate of 40–
80% in patients with early-stage disease. However, owing to the
insidious onset of lung cancer, approximately 70% of patients
are diagnosed at locally advanced or metastatic stages, at which
point curative surgery is oen no longer feasible.3 In cases of
elopment and Application of Northern
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advanced disease, systemic pharmacotherapy remains the
primary treatment strategy. Although targeted agents are
initially effective in genetically eligible patients, therapeutic
resistance almost inevitably emerges. Consequently, chemo-
therapy continues to serve as a cornerstone of treatment for
most patients with advanced lung cancer in order to control
tumor progression and prolong survival.4 One major limitation
of conventional chemotherapy is the lack of selectivity, which
oen leads to severe damage in healthy tissues, dose-limiting
toxicities, the development of drug resistance, and frequent
treatment discontinuation.5 Therefore, there is an urgent need
to develop efficient, target-specic, safe, and clinically trans-
latable drug delivery systems. Such platforms could enable the
precise intracellular delivery of chemotherapeutic agents,
thereby minimizing off-target effects, lowering required
dosages, enhancing therapeutic efficacy, and potentially accel-
erating anticancer drug development.

Nanotechnology presents a promising solution for address-
ing these challenges. Nanocarrier-based drug delivery systems
(NDDSs) have attracted considerable attention in biomedicine
due to their ability to facilitate targeted delivery and controlled
drug release.6 The high surface-to-volume ratio of nano-
materials enables functionalization with targeting ligands,
thereby improving tumor selectivity.7 Through encapsulation,
adsorption, and the conjugation of therapeutic agents, NDDSs
can enhance the bioavailability of poorly soluble drugs and
promote their preferential accumulation in tumor tissues via
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the enhanced permeability and retention (EPR) effect, ulti-
mately improving therapeutic outcomes while reducing
systemic toxicity. Furthermore, NDDSs can help overcome
multidrug resistance (MDR)—a major contributor to chemo-
therapy failure—by bypassing efflux pumps, targeting cancer
stem cells (CSCs), and modulating the tumor microenviron-
ment.8 Owing to these advancements, NDDSs are emerging as
transformative tools in clinical oncology, driving progress in
targeted therapy, combination treatment strategies, and early
cancer diagnostics.9

Targeting strategies for NDDSs can broadly be classied as
passive, active, or stimulus-responsive. Passive targeting
exploits the EPR effect, whereby nanocarriers preferentially
extravasate through the leaky vasculature of tumor tissues and
are retained due to decient lymphatic drainage.10 However, the
EPR effect exhibits substantial inter- and intratumoral hetero-
geneity, and high interstitial uid pressure within tumors can
impede deep nanocarrier penetration. To overcome these
limitations, active targeting strategies have been developed.
These strategies involve the functionalization of nanocarriers
with targeting ligands (e.g., antibodies, peptides, or poly-
saccharides) that selectively bind to receptors overexpressed on
cancer cells.11 Subsequently, ligand–receptor interactions facil-
itate receptor-mediated endocytosis and intracellular drug
release, thereby enhancing tumor specicity and intracellular
accumulation while minimizing uptake by healthy tissues.
Among potential targets, the CD44 receptor, a transmembrane
glycoprotein, has emerged as a promising target for active
delivery. CD44 is overexpressed in a wide range of cancers,
including most lung cancers, and plays a key role in tumor
initiation, progression, metastasis, and therapeutic resis-
tance.12 In contrast, in normal tissues, CD44 is expressed at low
levels or is functionally inactive. Hyaluronic acid (HA), a major
component of the extracellular matrix, is a natural ligand for
CD44, and the CD44–HA interaction is crucially involved in
tumor progression and metastasis. Accordingly, HA-modied
nanocarriers can selectively bind to CD44-overexpressing
cancer cells, promoting tumor-specic drug delivery,
enhancing intracellular uptake, and reducing off-target
toxicity.13 In addition, HA is biocompatible, biodegradable,
and non-immunogenic, and has been widely employed in both
clinical and experimental applications, including drug delivery
and biomedical imaging.14 Targeting CD44 via HA therefore
holds considerable promise not only for drug delivery but also
for tumor imaging and theranostic applications.

In this study, we developed an HA-based targeted NDDS
using hydroxyapatite (HAP) and polysuccinimide (PSI) as core
materials. HAP, the primary inorganic constituent of bone,
exhibits excellent biocompatibility, bioactivity, and high drug-
loading capacity.15,16 Meanwhile, PSI is an amorphous, biode-
gradable, and nontoxic polymer synthesized via solvent-free
polycondensation of aspartic acid, aligning with green chem-
istry principles.17 Importantly, PSI can be readily functionalized
through amine-induced ring-opening reactions, enabling the
introduction of targeting moieties while maintaining biode-
gradability.18,19 In contrast to conventional nanocarriers (e.g.,
liposomes or polymeric micelles), which typically exhibit low
© 2026 The Author(s). Published by the Royal Society of Chemistry
drug-loading capacity, complex synthesis,20 poor colloidal
stability, and scale-up bottlenecks,21 the HAP/PSI hybrid system
uniquely combines high drug-loading capacity, good biocom-
patibility, and facile surface functionalization. However, exist-
ing HAP/PSI-based systems lack active tumor targeting, and no
study has yet exploited CD44-mediated delivery using hyalur-
onic acid (HA) functionalization on such hybrid nanoparticles
for lung cancer therapy. To address this gap, our group has
previously demonstrated that PSI and its derivatives (X-PSI) can
co-assemble with HAP to form uniform nanoparticles (HAP/PSI
or X-(HAP/PSI)) with efficient drug-loading capabilities.22

Building on this foundation, the core research idea of the
present work is to conjugate HA—a natural ligand for CD44
overexpressed on lung cancer cells—to PSI, generating a target-
ing polymer (HA–PSI), which is then co-assembled with HAP to
produce core–shell nanoparticles designated as HA-(HAP/PSI).
This nanoplatform was loaded with gemcitabine (GEM),
a rst-line chemotherapeutic agent for lung cancer. GEM is
a nucleoside analog that, following intracellular activation,
inhibits DNA synthesis and induces apoptosis.23 However, its
clinical application is limited by dose-limiting adverse effects,
including myelosuppression and gastrointestinal toxicity. We
hypothesized that the GEM@HA-(HAP/PSI) system would
enhance the tumor-specic delivery of GEM via CD44-mediated
endocytosis, enable controlled intracellular drug release, reduce
nonspecic distribution in healthy tissues, and ultimately
improve the therapeutic index of GEM in lung cancer therapy.

2. Materials and methods
2.1. Materials

All chemicals and reagents were of analytical grade or higher
and were used as received. Tween-80 was purchased from Bi-
oFroxx Co., Ltd. Butyl acetate, calcium chloride, phosphoric
acid, sodium carbonate, disodium hydrogen phosphate, N,N-
dimethylformamide, N,N-dimethylacetamide, di-
chloromethane, and acetonitrile were obtained from Tianjin
Hengxing Chemical Reagent Manufacturing Co., Ltd, Harbin
Reagent Chemical Plant, Tianjin Tianli Chemical Reagent Co.,
Ltd, Tianjin Bodi Chemical Co., Ltd, Tianjin Fuyu Fine Chem-
ical Co., Ltd, and Tianjin Yongda Chemical Reagent Co., Ltd,
respectively. L-Aspartic acid was supplied by Aladdin Co., Ltd.
Gemcitabine hydrochloride, potassium bromide, 1,6-hexa-
nediamine, and coumarin 6 were acquired from Shanghai
Macklin Biochemical Technology Co., Ltd. Hyaluronic acid (HA,
Mw z 3000 Da) was purchased from Shanghai Eon Chemical
Technology Co., Ltd. MES buffer, EDCI, and NHS were sourced
from Shanghai Yuanye Bio-Technology Co., Ltd.

For cell culture and in vitro studies, fetal bovine serum (FBS)
was procured from Sino Biological Inc.; trypsin, phosphate-
buffered saline (PBS), penicillin–streptomycin (100×), Cell
Counting Kit-8 (CCK-8), DAPI staining solution, 4% para-
formaldehyde xative, and anti-fade mounting medium were
obtained from Seven Innovation (Beijing) Biotech Co., Ltd;
RPMI 1640 medium was from Thermo Fisher Scientic Inc.;
crystal violet stain, Hoechst 33 342, and DAPI were from Beyo-
time Biotechnology Co., Ltd; and Calcein-AM/PI double stain kit
RSC Adv., 2026, 16, 25944–25963 | 25945
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was from Solarbio Science & Technology Co., Ltd. The endocy-
tosis inhibitors chlorpromazine, indomethacin, and colchicine
were purchased from MedChemExpress.

For in vivo and histology studies, a 2% red blood cell
suspension was provided by Guangzhou Hongquan Biotech-
nology Co., Ltd; clinical-grade gemcitabine hydrochloride for
injection (Lot: 246962DP) was from Eli Lilly and Company;
hematoxylin and eosin (H&E) staining reagents were from
Shanghai Titan Technology Co., Ltd; absolute ethanol, xylene,
potassium dihydrogen phosphate, disodium hydrogen phos-
phate, sodium chloride, and potassium chloride were
supplied by Sinopharm Chemical Reagent Co., Ltd; and the
TUNEL apoptosis assay kit was purchased from Vazyme Biotech
Co., Ltd.
2.2. Animals and ethics statement

Male BALB/c nude mice (8 weeks old, 20–25 g) were supplied by
Sibeifu (Beijing) Biotechnology Co., Ltd and housed under
specic pathogen-free (SPF) conditions. The animal room was
maintained at 23 ± 3 °C with 30–70% relative humidity under
a 12 h light/dark cycle, with free access to standard rodent diet
and water. All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals of
Mudanjiang Medical University and approved by the Animal
Ethics Committee of Mudanjiang Medical University (approval
no. IACUC-20251015-303).
2.3. Methods

2.3.1. Synthesis of excipients
2.3.1.1. Preparation of HAP and PSI. HAP and PSI were

synthesized according to the methods reported in our previous
study.22

2.3.1.2. Preparation of HA–PSI conjugates
2.3.1.2.1 Synthesis of HA–NH2. HA powder (0.5 g,

∼0.17 mmol, Mw z 3000 Da) was dissolved in 20 mL of MES
buffer, with stirring, at room temperature (about 25 °C). Then,
EDCI (0.095 g, 0.495 mmol) and NHS (0.057 g, 0.495 mmol) were
added sequentially to this solution. Aer activation for 2 h, 1,6-
hexanediamine (0.038 g, 0.33 mmol) was added. The reaction
mixture was stirred continuously for 24 h at room tempera-
ture.24 The product was then transferred to a dialysis bag (Mw:
1000 Da) and dialyzed against deionized water for 24 h to
remove excess reagents and buffer salts. The puried solution
was lyophilized (FDS-1000, Tokyo Rikakikai Co., Ltd) to obtain
the amine-functionalized HA (HA–NH2).

2.3.1.2.2 Conjugation of HA–NH2 to PSI. PSI (Mw calculated
based on the repeating unit –C4H3NO2

− = 97.07) was dissolved
in anhydrousN,N-dimethylformamide (DMF) at a concentration
of 6 mg mL−1. To achieve different molar feed ratios of HA to
PSI, varying amounts of PSI were used: 0.03 g (0.31 mmol) for
a 1 : 10 ratio (denoted as HA–PSI10), 0.06 g (0.62 mmol) for a 1 :
20 ratio (HA–PSI20), and 0.12 g (1.24mmol) for a 1 : 40 ratio (HA–
PSI40). HA–NH2 (0.10 g, ∼0.03 mmol) was dissolved separately
in each corresponding PSI/DMF solution. The mixtures were
stirred at 65 °C for 18 h. Subsequently, each reaction mixture
25946 | RSC Adv., 2026, 16, 25944–25963
was dialyzed (Mw: 1000 Da) against deionized water for 48 h to
remove DMF. The nal aqueous solutions were lyophilized to
obtain HA–PSI conjugates in the form of solid products. Among
these, HA–PSI10 showed the highest HA incorporation per PSI
chain, while HA–PSI40 exhibited the lowest.

2.3.1.3. Characterization. The chemical structures of the
synthesized materials were characterized via Fourier-transform
infrared (FTIR) spectroscopy using a Nicolet iS5 spectrometer
(Thermo Fisher, USA). Spectra were recorded in the range of
400–4000 cm−1 at a resolution of 1 cm−1. Proton nuclear
magnetic resonance (1H NMR) spectroscopy was performed on
an Avance NEO 400 MHz spectrometer (Bruker) using dimethyl
sulfoxide-d6 (DMSO-d6) as the solvent. Morphological exami-
nations were conducted using scanning electron microscopy
(SEM, S-4800, Hitachi High-Technologies Corporation). Mean-
while, thermal stability was analyzed via thermogravimetric
analysis (TGA) and derivative thermogravimetry (DTG) on a STA
449 F5 Jupiter instrument (NETZSCH) under a nitrogen atmo-
sphere (ow rate of 10 mLmin−1), with the temperature ramped
from 30 to 800 °C at a rate of 10 °C min−1. Crystallographic
structures were assessed via X-ray diffraction (XRD) analysis on
an XRD-7000 diffractometer (Shimadzu, Japan) using Cu Ka
radiation (l = 1.5418 Å) and scanning the 2q range from 10° to
70° at a rate of 5°$min−1.

2.3.2. Formulation and optimization of the GEM-loaded
nano drug delivery system

2.3.2.1. Determination of the optimal ratio for HA-(HAP/PSI)
nanosphere self-assembly. Based on preliminary data, HA-(HAP/
PSI) nano-formulations were prepared using different mass
ratios of the coating material (HA–PSI40, HA–PSI20, or HA–PSI10)
to the core material (HAP) (6 : 1, 8 : 1, and 10 : 1) in order to
identify the optimal proportion for nanosphere fabrication. The
shell-forming material (HA–PSI) was rst dissolved in DMF at
a concentration of 25 mg mL−1 under ultrasonication (40 kHz)
to obtain a clear solution. Separately, a HAP suspension was
prepared in distilled water. The HA–PSI/DMF solution was
added dropwise to the HAP suspension at room temperature
under continuous magnetic stirring at 1000 rpm. Aer addition
was completed, the mixture was centrifuged at 12 000 rpm. The
collected particles were washed repeatedly with distilled water
and subsequently lyophilized for 8 h. The morphology of the
resulting nanoparticles was characterized via SEM to determine
the appropriate mass ratio for each HA–PSI type.

2.3.2.2. Single-factor experiments
2.3.2.2.1 Effect of drug concentration on encapsulation effi-

ciency (EE) and drug loading capacity (DLC). The concentration of
HAP was xed at 5 mg mL−1. Meanwhile, GEM was dissolved in
distilled water to prepare solutions with concentrations of 5, 10,
20, 30, 40, and 50 mg mL−1. Then, 25 mg of HAP was added to
5 mL of each drug solution. The mixtures were homogenized via
ultrasonication (40 kHz, 2 min) and then allowed to stand for
10 min. The dispersions were subjected to high-speed centri-
fugation (12 000 rpm). The supernatant was collected, and the
pellet was washed multiple times with small volumes of
distilled water. The washings were combined with the super-
natant and diluted to a xed volume. The concentration of free,
unencapsulated GEM in this solution was determined by
© 2026 The Author(s). Published by the Royal Society of Chemistry
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measuring the absorbance at 350 nm using a UV-2700i spec-
trophotometer (Shimadzu) against a standard calibration curve
(Fig. S1). Each condition was tested in triplicate. The EE and
DLC were calculated using the following formulas:

EE (%) = (M1/M0) × 100

DLC (%) = M1/(M1 + M2) × 100

Here,M1 is themass of GEM loaded in the carrier,M0 is the total
mass of added GEM, and M2 is the mass of the blank carrier.

2.3.2.2.2 Effect of HAP concentration on EE and DLC. The
concentration of GEM was xed at 40 mg mL−1. Then, HAP
concentrations were varied at 1, 2, 3, 5, 8, 10, and 15 mg mL−1.
The mixtures were processed as described above, and the EE
and DLC were determined to optimize the HAP concentration
range.

2.3.2.2.3 Effect of adsorption time on EE and DLC. A GEM
solution (40mgmL−1) was prepared in a volumetric ask. Then,
HAP was added to this solution to achieve a concentration of
5 mg mL−1, followed by homogenization via ultrasonication
(40 kHz, 2 min). Adsorption was allowed to proceed for 10, 20,
40, and 60min. At each time point, the mixture was centrifuged,
and the supernatant was processed for GEM quantication as
described above. The EE and DLC were calculated, and samples
from each time point were tested in triplicate.

2.3.2.3. Formulation and process optimization for
GEM@(HAP/PSI) and GEM@HA-(HAP/PSI). Based on the results
of single-factor experiments, a Box–Behnken Design (BBD)
response surface methodology was employed to optimize the
GEM@(HAP/PSI) formulation. The key factors were as follows:
drug concentration (30–50 mg mL−1), HAP concentration (3–
8 mg mL−1), and the mass ratio of PSI to HAP (3 : 1 to 8 : 1).
Response surface plots were generated based on the experi-
mental data to guide the selection of the nal formulation.

For the targeted formulations GEM@HA-(HAP/PSI)10,
GEM@HA-(HAP/PSI)20, and GEM@HA-(HAP/PSI)40, a Central
Composite Design (CCD) was implemented using Design
Expert soware (version 10.0.1). The inuencing factors were
GEM concentration (30–50 mg mL−1) and HAP concentration
(3–8 mg mL−1), while the amount of the solid coating material
HA–PSI (as determined in Section 2.2.2.1) was kept constant.
The nal optimized formulations were characterized through
SEM, particle size distribution analysis, and zeta potential
measurement using a Malvern Nano ZS instrument (Spectris
China Ltd, Shanghai).

2.3.3. Evaluation of nanoparticle properties
2.3.3.1. In vitro drug release study. The in vitro drug release

prole of the formulations was investigated under simulated
physiological conditions. Briey, 10 mg of the GEM-loaded
nano-formulation was placed in a centrifuge tube containing
buffer solutions of different pH values (5.0, 6.8, and 7.4; 10 mL).
The tubes were incubated in a constant-temperature shaker at
37 ± 0.5 °C at an agitation speed of 100 rpm. At predetermined
time intervals (1, 2, 4, 6, 12, 24, 48, and 72 h), samples were
withdrawn in triplicate and centrifuged. The supernatant was
© 2026 The Author(s). Published by the Royal Society of Chemistry
collected, and the pellet was washed. The washings were
combined with the supernatant, and the absorbance of the
resultant solution was measured at 350 nm. The concentration
of the released GEM was determined based on a standard
calibration curve, and the drug release prole was determined.

2.3.3.2. Hemolysis assay. A 2% erythrocyte suspension was
prepared. Subsequently, 22 centrifuge tubes (5 mL) were set up,
with 2 mL of the erythrocyte suspension added to each tube.
The positive control tube contained 2 mL of distilled water, and
the negative control tube contained 2 mL of physiological saline
(0.9% NaCl). The remaining tubes were divided into four
experimental groups (ve tubes per group, corresponding to
different nano-formulations). Then, 0.1, 0.2, 0.3, 0.4, or 0.5 mL
of a 5% suspension of the GEM nano-preparation was added to
each experimental tube. The mixtures were gently homogenized
and incubated in a constant-temperature water bath at 37 °C for
3 h. Following incubation, the tubes were centrifuged. The
absorbance of the resulting supernatant was measured at
545 nm using a SpectraMax M3 microplate reader. The hemo-
lysis rate was calculated as follows:

Hemolysis rate (%) = (A − A0)/(A1 − A0) × 100%,

where A, A0, and A1 represent the absorbance levels of the test,
negative control, and positive control samples, respectively.

2.3.3.3. In vitro cytocompatibility and targeting
2.3.3.3.1 Cell culture. A549 cells (high CD44 expression) and

NCI-H358 cells (low CD44 expression) were selected for the
experiments. Complete growth medium for both cell lines was
prepared by mixing RPMI-1640 medium, heat-inactivated fetal
bovine serum (FBS), and a penicillin–streptomycin solution at
a 100 : 10 : 1 ratio. Cells were cultured at 37 °C in a humidied
incubator under 5% CO2.

2.3.3.3.2 Blank carrier cytotoxicity assay. Cells in the loga-
rithmic growth phase were seeded into 96-well plates at
a density of 1 × 104 cells per well. Aer 24 h of incubation, the
medium was replaced with 100 mL of fresh medium containing
blank carriers ((HAP/PSI), HA-(HAP/PSI)40, HA-(HAP/PSI)20, or
HA-(HAP/PSI)10) at concentrations ranging from 2.5 to 25 mg
mL−1. Aer 24 h of incubation, cell viability was assessed using
the CCK-8 assay according to the manufacturer's instructions.
Absorbance was measured at 450 nm (OD450).

2.3.3.3.3 Assessment of cell proliferation with the CCK-8 assay.
Cells were treated with free GEM or GEM-loaded formulations
(GEM@(HAP/PSI), GEM@HA-(HAP/PSI)40/20/10) at equivalent
drug concentrations (2.5–25 mg mL−1) for 24 h. Subsequently,
cell viability was determined using the CCK-8 assay as described
above.

2.3.3.3.4 Cellular uptake study. Coumarin 6 (C6) was used as
a uorescent probe. C6-labeled nanoparticles were prepared by
incorporating C6 into the PSI or HA–PSI solution prior to the
assembly process. Meanwhile, A549 and H358 cells were seeded
onto glass coverslips in 24-well plates. Aer attachment, the
cells were treated with the uorescently tagged formulations for
0.5, 2, 4, and 6 h. The cells were then xed with 4%
RSC Adv., 2026, 16, 25944–25963 | 25947
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paraformaldehyde, stained with DAPI, and imaged using uo-
rescence microscopy.

2.3.3.3.5 Study of cellular uptake mechanisms. A549 cells
were seeded onto coverslips in 24-well plates (1 × 105 cells per
well) and cultured for 24 h. Aer cell adhesion, the original
medium was replaced with medium containing different
endocytosis inhibitors: chlorpromazine (CPZ, 10 mg mL−1),
colchicine (8 mg mL−1), or indomethacin (100 mM). Cells were
pre-incubated with these inhibitors for 1 h. The inhibitor-
containing medium was then discarded, and C6-labeled nano-
particles were added to the plates. Aer incubation, the drug-
containing medium was removed, and cells were washed
three times with phosphate-buffered saline (PBS). The cells were
xed with 4% paraformaldehyde for 15 min and washed with
PBS, and their nuclei were stained with DAPI for 5 min. The
intracellular uorescence distribution was observed and
imaged using uorescence microscopy. Fluorescence intensity
was analyzed using ImageJ soware. Finally, the endocytosis
efficiency was compared across different inhibitor-treated
groups to determine the primary mechanism of cellular uptake.

2.3.4. In vitro pharmacodynamics study
2.3.4.1. Cell morphology analysis. Cells in the logarithmic

growth phase were inoculated into 6-well plates and cultivated
until an appropriate cell density was achieved. Medium con-
taining equivalent drug concentrations of GEM, GEM@(HAP/
PSI), GEM@HA-(HAP/PSI)40, GEM@HA-(HAP/PSI)20, or
GEM@HA-(HAP/PSI)10 was added to the plates, along with
a blank control (medium only). Following 24 h of incubation at
37 °C under 5% CO2, the medium was removed, the cells were
carefully rinsed with PBS, and morphological alterations were
examined using an inverted microscope.

2.3.4.2. Colony formation assay. Cells were seeded at a low
density (1000 cells per well) in 6-well plates. Aer overnight
culture, the cells were treated with serum-free medium con-
taining different test formulations (GEM, GEM@(HAP/PSI),
GEM@HA-(HAP/PSI)40, GEM@HA-(HAP/PSI)20, GEM@HA-
(HAP/PSI)10). A control group was treated with drug-free, serum-
free medium. Cell status was monitored daily. Aer 15 days of
continuous incubation, when visible colonies (containing $50
cells) had formed, the experiment was terminated. The medium
was removed, and cells were xed with 4% paraformaldehyde
for 20 min before two washes with PBS. The cells were then
stained with 0.1% crystal violet solution for 10 min in the dark
at room temperature, washed again with PBS, and air-dried.
Colony formation was then assessed.

2.3.4.3. Wound healing assay. Cells in the logarithmic phase
were seeded into 6-well plates (6 × 105 cells per well). Upon
reaching ∼80% conuence, a uniform scratch was created
across the cell monolayer in each well using a sterile 10 mL
pipette tip. The initial scratch width (0 h) was recorded. The
experimental groups were treated with serum-free medium
containing the different drug formulations at equivalent
concentrations, while the control group was treated with serum-
free medium only. The cells were further incubated for 12 h and
24 h. Images of the scratch area were captured at 0, 12, and 24 h
using an inverted microscope. The scratch area was measured
25948 | RSC Adv., 2026, 16, 25944–25963
using ImageJ, and the cell migration rate was calculated as
follows:

Migration rate = [(A0 − At)/A0] × 100%,

where A0 represents the scratch area at 0 hours (immediately
aer scratching), and At represents the scratch area at a specic
time point (e.g., 12 h or 24 h aer scratching).

2.3.4.4. Hoechst staining assay. A549 cells in the logarithmic
phase were seeded onto coverslips in 24-well plates (5 × 104

cells per well). Aer adhesion, the cells were treated with serum-
free medium containing equivalent drug concentrations of the
various formulations for 4 h. A control group of cells was treated
with drug-free, serum-free medium. Subsequently, the medium
was removed, the cells were washed twice with PBS, and xed
with 4% paraformaldehyde for 20 min at room temperature.
The cells were then washed again and stained with Hoechst 33
342 uorescent dye for 20 min in the dark. Nuclear morpho-
logical features indicative of apoptosis were nally observed
under a uorescence microscope.

2.3.4.5. Live/dead cell staining assay. Cells were seeded onto
coverslips in 24-well plates (8 × 104 cells per well) and cultured
for 24 h. The medium was then replaced with drug-free, serum-
free medium (control) or serum-free medium containing
equivalent drug concentrations of the various formulations.
Aer incubation, the solutions were removed, and cells were
stained using a mixture of Calcein-AM and Propidium Iodide
(PI) for 20 min. Live (green, Calcein-AM-positive) and dead (red,
PI-positive) cells were visualized and imaged using uorescence
microscopy.

2.3.5. In vivo pharmacodynamics study
2.3.5.1. Animal model establishment. A549 cells were

cultured in RPMI-1640 medium supplemented with 10% FBS
and 1% penicillin–streptomycin. Cells in the logarithmic
growth phase were harvested and subcutaneously injected into
the right axilla of Balb/c-NU nude mice to establish an ectopic
xenogra tumor model.

2.3.5.2. Tumor inhibition experiment. When tumor volumes
reached approximately 100 mm3, tumor-bearing mice were
randomly divided into three groups (n = 6 per group): a saline
control group, a free GEM group, and a GEM@HA-(HAP/PSI)10
group. Treatments were administered via tail vein injection
every 2 days for a total of 14 days. Tumor sizes and body weights
were measured regularly. Aer the nal injection, all mice were
euthanized. Their tumors and major organs were excised,
weighed, and photographed for the analysis of tumor weight.
Meanwhile, tissues were xed in 4% paraformaldehyde for
subsequent experiments.

2.3.5.3. Hematoxylin and eosin (H&E) staining. Fixed tumor
and organ tissues were processed via dehydration, paraffin
embedding, and sectioning. Tissue sections were sequentially
deparaffinized in xylene (I, II, 20 min each), rehydrated through
a graded ethanol series (100% I & II, 10 min; 90%, 5 min; 80%,
5 min; 70%, 5 min), and rinsed with distilled water. The
sections were stained with hematoxylin for 5 min, rinsed with
water, counterstained with eosin for 1–2 min, and rinsed again.
Finally, the sections were dehydrated using an ascending
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis and characterization of HA, PSI, and HA–PSI conju-
gates. (A–E) Proton nuclear magnetic resonance (1H NMR) spectra (in
DMSO-d6) of HA (A), PSI (B), HA–PSI40 (C), HA–PSI20 (D), and HA–PSI10
(E). (F) Fourier-transform infrared (FT-IR) spectra of HA, PSI, and the
HA–PSI conjugates (HA–PSI40, HA–PSI20, and HA–PSI10). (G–K)
Thermogravimetric analysis (TGA) and derivative thermogravimetry
(DTG) curves of PSI (G), HA (H), and the HA–PSI conjugates (HA–PSI40
[I], HA–PSI20 [J], and HA–PSI10 [K]). (L) X-ray diffraction (XRD) patterns
of HA, PSI, and the HA–PSI40 conjugate.
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ethanol series, cleared with xylene, and mounted in neutral
resin. The stained sections were examined under a light
microscope.

2.3.5.4. TUNEL staining. Prepared tissue sections were
deparaffinized and rehydrated as described above. Then,
antigen retrieval was performed using proteinase K treatment,
followed by washing with PBS (2–3 times). A TUNEL reaction
mixture was applied to the sections, which were then incubated
at 37 °C in the dark for 60 min. Aer washing with PBS (three
times, 5 min each), the sections were mounted in anti-fade
mounting medium containing DAPI. Apoptotic cells were
detected and imaged using uorescence microscopy.

3. Results and discussion
3.1. Structure of HA–PSI

Fig. 1A–E present the 1H NMR spectra of different formulations,
whose characteristic proton signals were unambiguously
annotated. Peak a (d = 1.48 ppm, Fig. 1C–E) was ascribed to the
methylene protons (–CH2–) of the hexamethylenediamine
spacer in the HA–PSI conjugate. Meanwhile, peak b (d =

1.7 ppm, Fig. 1A, C–E) arose from the methyl protons
(–NHCOCH3) of the N-acetyl group in the HA backbone.25 The
split signals denoted as peak c (d = 2.69 ppm and 2.85 ppm,
Fig. 1B–E) were assigned to the methylene protons (–CH2–) of
the PSI repeating unit, with the splitting pattern resulting from
the adjacent chiral center.26 Additionally, peak d (d = 3.3 ppm,
Fig. 1A, C–E) corresponded to the protons on the glucuronic
acid residue of HA. Meanwhile, peak f (d = 5.25 ppm, Fig. 1B–E)
was attributed to the methine proton (–CH–) within the succi-
nimide ring of PSI.26 Notably, the appearance of a new peak e at
d= 4.5 ppm (Fig. 1C–E) was observed, and its chemical shiwas
consistent with the methine proton adjacent to the newly
formed amide linkage (–N–CH–C]O) in the HA–PSI conju-
gate.27 These ndings provided direct evidence for the
successful conjugation of HA and PSI.

The FT-IR spectrum (Fig. 1F) of HA contained a broad,
intense absorption band centered at 3421 cm−1, corresponding
to the O–H stretching vibration involved in intermolecular
hydrogen bonding. The distinct peaks at 1617 cm−1 and
1408 cm−1 were assigned to the asymmetric and symmetric
stretching vibrations of the carboxylate (C]O) groups, respec-
tively. Meanwhile, the absorption peak at 1045 cm−1 was
attributed to the C–O stretching vibration of primary alcohols.28

In PSI, the absorption peak at 2955 cm−1 was mainly due to the
C–H stretching vibrations of methylene groups (–CH2–). Addi-
tionally, the peak at 1792 cm−1 resulted from the coupling of
adjacent carbonyl groups, while the strong band at 1717 cm−1

corresponded to the C]O stretching vibration of the succini-
mide ring. Furthermore, the absorption peak at 1392 cm−1 was
associated with the C–N stretching vibration within the imide
ring, conrming the presence of a ve-membered cyclic imide
structure.29 Importantly, the FT-IR spectrum of the synthesized
HA–PSI conjugate contained new absorption bands at
1638 cm−1 and 1542 cm−1, which are characteristic of the amide
I (primarily C]O stretch) and amide II (combination of N–H
bending and C–N stretching) bands, respectively. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
emergence of these amide signals conrmed the ring-opening
of PSI and its subsequent conjugation with HA.30

The thermal degradation behavior of the formulations was
explored via TGA/DTG (Fig. 1G–K). PSI (Fig. 1G) exhibited three-
stage decomposition behavior: an initial 8.81% weight loss
below 190 °C (evaporation of free water); a major stage of weight
loss between 255 °C and 385 °C (27% weight loss, dehydration
RSC Adv., 2026, 16, 25944–25963 | 25949
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involving terminal –OH/–NH2 groups), peaking at 334 °C; and
a nal step from 386 °C to 610 °C (15.16%weight loss, backbone
cleavage).19 HA (Fig. 1H) showed 4.94%weight loss below 130 °C
(moisture loss), followed by rapid decomposition between 150 °
C and 310 °C (42.7% weight loss), which peaked at 211.7 °C
(indicative of polysaccharide chain scission). These results
demonstrated the superior thermal stability of PSI over HA,
which was attributable to its rigid cyclic imide structure.
Interestingly, the TGA proles of the HA–PSI conjugates
(Fig. 1I–K) revealed a systematic decrease in the maximum
decomposition temperature with an increase in HA content:
303.5 °C (HA–PSI40), 253.9 °C (HA–PSI20), and 210.9 °C (HA–
PSI10). This trend, approaching the degradation temperature of
pure HA, could not be explained by simple physical blending or
dilution effects, which typically cause peak broadening rather
than a directional shi.31 Instead, it was attributable to
a nucleophilic attack by HA against the cyclic imide rings of PSI,
leading to ring-opening and the conversion of the rigid cyclic
structure into more exible, linear segments. This chemical
transformation lowered the activation energy required for
backbone decomposition, triggering degradation at lower
temperatures. In line with this, the weight losses in the 150–
310 °C range for HA–PSI40, HA–PSI20, and HA–PSI10 were
33.11%, 36.83%, and 38.55%, respectively, demonstrating
a positive correlation with the HA content. The distinct dual-
peak proles of the composites further provided conclusive
evidence of chemical interactions rather than physical mixing.
The reduced thermal stability suggested that the HA–PSI
conjugates may degrade more rapidly under physiological
conditions (37 °C), favorably inuencing drug release kinetics.18

Moreover, the ring-opening reaction enhanced the hydrophi-
licity of the system due to the generation of amide bonds and
carboxylic acid groups, potentially improving swelling capacity
and affecting drug loading and release proles. This transition
from a rigid cyclic to a exible linear conguration could also
potentially decrease mechanical strength while possibly
increasing toughness.

The XRD patterns (Fig. 1L) showed that both PSI and HA
exhibited broad, diffuse halos at 2q = 20.18° and 19.47°,
respectively, which were characteristic of amorphous poly-
mers.32,33 The XRD pattern of the HA–PSI composite contained
two new broad peaks at 2q = 17.05° and 29.25°, which differed
in shape and position from those of the individual components.
This reected the molecular-level interactions between HA and
PSI, leading to the rearrangement of the polymer chains and the
formation of a new, homogeneous phase rather than a physical
mixture. The shi in peak positions reected the changes in
interplanar spacing (d). The peak at 17.05° (larger d-spacing)
was reective of expanded interchain distances in certain
regions, likely due to the insertion of polar groups fromHA (e.g.,
–COOH, –OH) between PSI or HA chains via hydrogen
bonding.34 Conversely, the peak at 29.25° (smaller d-spacing)
indicated tighter chain packing in other regions, possibly due to
chain refolding or the increased local ordering induced by
interactions. The smooth, uniform amorphous halo of the
composite signied the extensive and homogeneous interac-
tions throughout the sample. Regions with reduced d-spacing
25950 | RSC Adv., 2026, 16, 25944–25963
could enhance the structural compactness and stability of the
composite, while those with enlarged d-spacing could provide
more interstitial space for drug loading and diffusion. The
retained amorphous nature of the composite was advantageous
for controllable dissolution/swelling behavior as a drug carrier.
The XRD results conrmed that HA–PSI was an amorphous
composite with a distinct, homogeneous structure formed via
intermolecular interactions, altering the original chain packing
of both polymers.

Additional characterization: the determination of the reac-
tion time of HA–PSI is displayed in Fig. S2 (SI). The structural
characterization of HAP is depicted in Fig. S3 (SI).

3.2. Optimization of the nano drug delivery system

The results of the single-factor experiments are summarized in
Tables S1–S3. The optimization outcomes and corresponding
analyses for each nano-formulation are provided in Tables S4
and S5, with the response surface plots shown in Fig. 2. The
results demonstrated that the concentrations of both HAP and
the drug (GEM) had a substantial effect on both the DLC and EE
of the nano-formulations. The optimal composition of each
formulation is listed in Table 1. Notably, the DLC of all nano-
formulations reached approximately 30% or higher. This high
loading capacity was crucial, as it could reduce the quantity of
excipients required, decrease production costs, and improve the
safety prole of the formulations. This advantage could be
particularly valuable for formulations targeting diseases such as
cancer, which oen demand high-dose drug regimens.

3.3. Characterization of the nano drug delivery system

As shown in Fig. 3A–D, the nal nano-formulations all exhibited
a relatively uniform and near-spherical morphology. The
particle sizes of GEM@(HAP/PSI), GEM@HA-(HAP/PSI)40,
GEM@HA-(HAP/PSI)20, and GEM@HA-(HAP/PSI)10 were found
to be 133.6 nm, 159.4 nm, 170.1 nm, and 184.6 nm, respectively.
Additionally, all formulations showed a low polydispersity
index. The size range (approximately 100–200 nm) of the
nanoparticles was within the optimal range required for
exploiting the EPR effect in solid tumors and achieving passive
targeting.35 Thus, the particles could effectively circumvent the
challenge of rapid renal clearance (typically affecting particles
<10 nm)36 while remaining smaller than the inter-endothelial
gaps in tumor vasculature (generally 200–2000 nm), which
could promote their selective accumulation at tumor sites.
Moreover, their size range could minimize excessive uptake by
mononuclear phagocytes in the liver and spleen (which pref-
erentially clear particles >200 nm), prolonging systemic circu-
lation and enhancing opportunities for drug delivery to the
target tissue.37 Meanwhile, the low polydispersity index revealed
a narrow size distribution for the particles. This was reective of
the stable and reproducible preparation process, which is
essential for batch-to-batch consistency and future clinical
translation.38 The zeta potential of the nanoparticles was
approximately −18 mV, a moderately negative value that is
consistent with the negative charge of human biological
membranes.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Formulation optimization using three-dimensional response surface methodology. (A) GEM@(HAP/PSI); (B) GEM@HA-(HAP/PSI)40; (C)
GEM@HA-(HAP/PSI)20; (D) GEM@HA-(HAP/PSI)10.

Table 1 Formulation optimization results and the measured encapsulation efficiency and drug loading of the final formulation (n = 3)a,b

Nano preparations
CGEM

(mgmL−1)
CHAP

(mgmL−1)
mPSI :
mHAP

Predicted
EE (%)

Predicted
DLC (%)

Measured
EE (%)

Measured
DLC (%)

GEM@(HAP/PSI) 39.55 5.87 5.58 56.26 36.98 56.68 � 2.31 37.07 � 0.60
GEM@HA-(HAP/PSI)40 38.60 5.57 6.00 56.02 35.11 56.63 � 1.03 34.95 � 1.19
GEM@HA-(HAP/PSI)20 39.39 5.67 8.00 70.55 33.26 71.93 � 0.14 34.21 � 0.24
GEM@HA-(HAP/PSI)10 40.45 5.99 10.00 68.31 29.07 72.73 � 2.86 30.14 � 0.74

a Abbreviations: C, concentration; GEM, gemcitabine; HA, hyaluronic acid; PSI, polysuccinimide; HAP, hydroxyapatite; EE, encapsulation efficiency;
DLC, drug loading capacity. b EE=M1 × 100/M0 and DLC=M1 × 100/(M1 +M2).M1 is the mass of the drug in the carrier,M0 is the total mass of the
added drug, and M2 is the total mass of the blank carrier, GEM standard curve was shown in Fig. S1.
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The in vitro drug release proles of the different formula-
tions under various pH conditions (5.0, 6.8, and 7.4) are pre-
sented in Fig. 3E. Aer 24 h, the cumulative drug release from
GEM@(HAP/PSI) reached approximately 41%, 58%, and 60% at
pH 5.0, 6.8, and 7.4, respectively. Following HA modication,
the drug release rates increased for GEM@HA-(HAP/PSI)40,
GEM@HA-(HAP/PSI)20, and GEM@HA-(HAP/PSI)10, with 24-h
releases of 64%, 69%, and 79% at pH 7.4; 62%, 66%, and 75% at
pH 6.8; and 43%, 47%, and 49% at pH 5.0, respectively. All
formulations exhibited clear pH-dependent release properties,
showing markedly slower and incomplete release at pH 5.0.
Interestingly, GEM@HA-(HAP/PSI)10 initially showed a slower
release rate than GEM@HA-(HAP/PSI)20 within the rst 12 h,
but its release rate surpassed that of all other formulations
thereaer. This biphasic pattern could be attributed to the
dense HA brush on the surface of GEM@HA-(HAP/PSI)10.
Initially, the hydrated HA layer impeded water penetration,
preventing drug release. However, aer water penetrated the
barrier, the higher HA content promoted the more rapid
degradation of the PSI matrix, accelerating drug release at later
stages.

The accelerated and more complete drug release observed at
pH 7.4 was attributed to the presence of abundant succinimide
rings (ve-membered cyclic anhydrides) within the PSI back-
bone, which are highly susceptible to hydrolysis under alkaline
© 2026 The Author(s). Published by the Royal Society of Chemistry
conditions.39 The high concentration of strongly nucleophilic
hydroxide ions (OH−) under these pH conditions facilitated the
efficient attack and cleavage of these rings, leading to the rapid
hydrolysis of the polymer backbone, subsequent nanoparticle
disassembly, and faster drug release. In contrast, under acidic
conditions, the high concentration of H+ and the limited
availability of OH− restricted hydrolysis, which was then
mediated primarily via water molecules (H2O). Given the rela-
tively weaker nucleophilicity of water, the hydrolysis of succi-
nimide rings was signicantly slower, allowing the
nanoparticles to retain greater structural integrity. This resulted
in more sustained and slower drug release.

Although the extracellular microenvironment of most solid
tumors is weakly acidic (pH ∼6.5–7.0), the intracellular pH of
tumor cells is near-neutral to slightly alkaline (approximately
7.2–7.4), comparable to or slightly higher than that of normal
cells.40 Thus, for therapeutics that act within the cytoplasm or
nucleus (e.g., DNA-damaging agents such as GEM), delivery
systems capable of rapid drug release at pH 7.4 are advanta-
geous. Such systems promote efficient intracellular drug
unloading aer cellular uptake, thereby enhancing cytotoxic
efficacy. This proposed release mechanism is consistent with
typical intracellular trafficking pathways. Aer endocytosis,
nanoparticles are encapsulated within endosomes. As these
vesicles mature and fuse with lysosomes, their intraluminal pH
RSC Adv., 2026, 16, 25944–25963 | 25951
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Fig. 3 Physicochemical characterization and in vitro drug release profiles of the various nano-formulations. (A–D) Representative scanning
electron microscopy (SEM) images, particle size distribution (PSD), and zeta potential of the different formulations: (A) GEM@(HAP/PSI); (B)
GEM@HA-(HAP/PSI)40; (C) GEM@HA-(HAP/PSI)20; (D) GEM@HA-(HAP/PSI)10. (E) In vitro drug release profiles of the formulations under different
pH conditions.

25952 | RSC Adv., 2026, 16, 25944–25963 © 2026 The Author(s). Published by the Royal Society of Chemistry
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decreases from approximately 6.5 to 5.0. The stability of PSI-
based carriers under these acidic endo-lysosomal conditions
helps protect the encapsulated drug from premature degrada-
tion. Subsequently, when the nanoparticles escape the endo-
lysosomal compartment or are exposed to the near-neutral
cytosolic pH (∼7.4), they undergo rapid disintegration, trig-
gering a burst release of the drug into the cytoplasm. This pH-
triggered release mechanism is particularly benecial for the
delivery of macromolecular therapeutics (e.g., nucleic acids and
proteins), which are vulnerable to lysosomal degradation and
require efficient cytosolic release to exert their biological action.

The drug release proles of the formulations were tted to
various kinetic models, including the zero-order, rst-order,
Higuchi, and Korsmeyer–Peppas models. As shown in Table 2,
the Korsmeyer–Peppas model exhibited the highest correlation
coefficients (R2) for most formulation groups. One exception
was GEM@HA-(HAP/PSI)10 at pH 6.8 and 7.4, where the rst-
order model provided a marginally better t. The release expo-
nent (n) obtained from the Korsmeyer–Peppas model was
consistently below 0.4 for all formulations, unequivocally indi-
cating a drug-release mechanism dominated by Fickian diffu-
sion. The uniformity of this mechanism across the tested pH
range suggested that pH variation did not induce fundamental
changes in carrier structure, such as signicant polymer erosion
or matrix disintegration.

Notably, the Fickian diffusion-controlled process (n < 0.45)
implied that the release rate of the formulations was primarily
governed by the concentration gradient of the drug within the
carrier matrix, with molecules diffusing outward via pores or
aqueous channels. The low n values effectively precluded the
possibility of mechanisms governed by polymer chain relaxa-
tion or swelling (Case-II or anomalous transport).41 Overall, the
diffusion-dominated prole appeared to be advantageous, as it
typically provides more gradual and predictable release
kinetics, thereby minimizing the risk of an initial burst release,
which is associated with rapid carrier degradation.42 Such
controlled release is oen critical for maintaining stable ther-
apeutic drug levels and mitigating toxicity. In this study, the
Table 2 Fitting parameters of the drug release kinetics models of the d

Preparations Medium

R2

Zero-order Fi

GEM@(HAP/PSI) pH7.4 0.8455 0.
pH6.8 0.8391 0.
pH5.0 0.8630 0.

GEM@HA-(HAP/PSI)40 pH7.4 0.8373 0.
pH6.8 0.8381 0.
pH5.0 0.8760 0.

GEM@HA-(HAP/PSI)20 pH7.4 0.7727 0.
pH6.8 0.8071 0.
pH5.0 0.8318 0.

GEM@HA-(HAP/PSI)10 pH7.4 0.7430 0.
pH6.8 0.7556 0.
pH5.0 0.8419 0.

a Abbreviations: GEM, gemcitabine; HA, hyaluronic acid; PSI, polysuccini

© 2026 The Author(s). Published by the Royal Society of Chemistry
nanocarrier demonstrated robust physical and chemical
stability across the physiological pH spectrum (5.0–7.4), func-
tioning as a stable reservoir without undergoing rapid dissolu-
tion. This property could enable sustained drug delivery over an
extended period, prolonging therapeutic effects and potentially
improving patient compliance by reducing the dosing
frequency. For GEM, a prodrug requiring intracellular activa-
tion via phosphorylation,23 a sustained release prole could
help maintain effective concentrations of the corresponding
active metabolites, potentially countering certain metabolism-
related resistance mechanisms. The consistent observation of
Fickian diffusion as the primary release mechanism across
different formulations indicated that the core release behavior
of the nanocarriers was robust and largely insensitive to prep-
aration parameters, such as the HA content. These features
could be favorable for future scale-up and quality control.

In summary, the nanoplatform prepared in this study
exhibited an ideal, diffusion-controlled release prole. Its stable
structure could facilitate sustained release by modulating
diffusion rates while preventing structural collapse. Notably,
the release exponent (n) tended to decrease with an increase in
HA modication. The denser HA hydration layer could initially
act as a diffusion barrier, moderating the initial release phase.
Subsequent water penetration likely altered the swelling and
permeability of the polymer matrix, thereby reinforcing
diffusion-dominated characteristics in later stages. Specically
for the GEM@HA-(HAP/PSI)10 formulation, release at pH 7.4
and 6.8 followed rst-order kinetics, which are oen charac-
teristic of diffusion-controlled processes where the release rate
is proportional to the remaining drug load. These ndings re-
ected the relative structural stability of the carrier within this
pH range, with minimal contribution from polymer swelling or
degradation. The slightly higher n values at pH 7.4 and 6.8 for
the high-HA-content formulation could indicate the presence of
minor matrix erosion processes. Nevertheless, the First-order
kinetics at neutral pH implied predictable release behavior,
which is benecial for stability during systemic circulation.
Meanwhile, the Fickian behavior (n < 0.45) under acidic pH
ifferent formulationsa

nrst-order Higuchi Korsmeyer-Peppas

9615 0.9676 0.9814 0.4037
9712 0.9636 0.9766 0.4127
9719 0.9737 0.9803 0.4423
9444 0.9642 0.9834 0.3768
9668 0.9643 0.9788 0.4060
9507 0.9790 0.9865 0.4224
9440 0.9280 0.9661 0.3364
9555 0.9480 0.9726 0.3732
9690 0.9607 0.9748 0.4112
9793 0.9029 0.9294 0.3801
9882 0.9117 0.9324 0.4014
9551 0.9662 0.9818 0.3966

mide; HAP, hydroxyapatite.
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conditions conrmed the structural integrity of the nano-
carriers and the absence of excessive swelling, supporting their
suitability for intracellular delivery. Finally, the high correlation
coefficients (R2 > 0.94) for both the rst-order and Higuchi
models across all nano-formulations also corroborated the
diffusion-dominated release mechanism, as these models are
widely used to describe diffusion-controlled systems.
3.4. Biocompatibility and cytotoxicity assessment

Results from the in vitro hemolysis assays are shown in
Fig. 4A–D. Following co-incubation, the supernatants of the
GEM@(HAP/PSI), GEM@HA-(HAP/PSI)40, GEM@HA-(HAP/
PSI)20, and GEM@HA-(HAP/PSI)10 group samples appeared
clear and nearly colorless, with obvious red blood cell (RBC)
sedimentation at the bottom of the tubes. The prole of these
samples was indistinguishable from that of the negative control
and clearly distinct from the hemolyzed positive control. As
shown in Fig. 4E, the hemolysis rates in all formulation groups
remained below 2%, conrming the excellent hemocompati-
bility of the formulations.43 This indicated that the nano-
particles did not disrupt the integrity of the erythrocyte
membranes under the tested conditions. Typically, hemolysis is
induced by factors such as surface activity, hydrophobicity,
sharp edges, or strong positive charges on nanomaterials,
Fig. 4 Hemocompatibility and in vitro safety of the nano-formulatio
GEM@(HAP/PSI), (B) GEM@HA-(HAP/PSI)40, (C) GEM@HA-(HAP/PSI)20, a
vitro cytotoxicity of blank carriers against (F) A549 and (G) H358 cells, as

25954 | RSC Adv., 2026, 16, 25944–25963
which can lead to membrane rupture. The observed biocom-
patibility of the nanoparticles was consistent with their
moderately negative zeta potential (z−18 mV), which likely
reduced electrostatic adsorption to the negatively charged RBC
membrane and prevented any physical stress or osmotic
imbalance due to nanoparticle aggregation.44 These results
demonstrated that, within the tested concentration range, the
formulations had a minimal impact on RBCs and presented
a low risk of hemolysis, providing a reliable safety foundation
for subsequent analyses.

As shown in Fig. 4F and G, the cell viabilities of both A549
and H358 cells treated with gradient concentrations of the
blank carriers—(HAP/PSI), HA-(HAP/PSI)40, HA-(HAP/PSI)20,
and HA-(HAP/PSI)10—consistently exceeded 85%. This indi-
cated that the nanocarriers possessed good biocompatibility
and exhibited no intrinsic cytotoxicity toward either cell line,
producing negligible effects on cell growth and metabolism.
The primarily non-toxic nature of the blank carriers ensured
that any antitumor effects observed in subsequent experiments
could condently be attributed to the released GEM rather than
to the nonspecic cytotoxicity of the carrier material. Further-
more, carriers with varying degrees of HA modication also
showed low toxicity, conrming that the HA conjugation
process was safe and did not introduce unexpected cytotoxicity.
Given the inherent safety of the carriers, the inhibitory effects of
ns. (A–D) Representative images of erythrocytes incubated with (A)
nd (D) GEM@HA-(HAP/PSI)10. (E) Quantification of hemolysis rates. In
sessed using cell viability assays.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the drug-loaded formulations would more accurately reect the
delivery efficiency and therapeutic activity of GEM, thereby
ensuring the reliability and interpretability of subsequent cell-
based experiments. Moreover, the excellent hemocompati-
bility and low cytotoxicity collectively demonstrated that these
nanoparticles were unlikely to provoke signicant acute
inammatory responses or induce toxicity against normal
tissues upon systemic administration.
Fig. 5 In vitro cytotoxicity, cellular uptake, and internalization mechanis
increasing concentrations of the nano-formulations. (C and D) Half-ma
A549 and (D) H358 cells. (E and F) Representative fluorescence microsco
H) Quantification of cellular uptake, detected based onmean fluorescenc
the uptake mechanisms in A549 cells. (a) GEM@(HAP/PSI); (b) GEM@HA-
are presented as the mean ± standard deviation (n $ 3). *p < 0.05, **p

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.5. Investigation into the mechanisms of cellular
internalization

The in vitro antiproliferative effects of free GEM and the nano-
formulations GEM@(HAP/PSI), GEM@HA-(HAP/PSI)40,
GEM@HA-(HAP/PSI)20, and GEM@HA-(HAP/PSI)10 were rst
evaluated using the CCK-8 assay. As shown in Fig. 5A and B, the
cell viability in both cell lines decreased with increasing GEM
ms. (A and B) Cell viability of (A) A549 and (B) H358 cells treated with
ximal inhibitory concentration (IC50) values of the formulations for (C)
py images showing cellular uptake in (E) A549 and (F) H358 cells. (G and
e intensity (MFI), in (G) A549 and (H) H358 cells. (I and J) Investigation of
(HAP/PSI)40; (c) GEM@HA-(HAP/PSI)20; (d) GEM@HA-(HAP/PSI)10. Data
< 0.01, ***p < 0.001, ****p < 0.0001.
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concentration, in a dose-dependent manner. Moreover, all
nano-formulations provided stronger growth inhibition than
free GEM, with the HA-modied variants (GEM@HA-(HAP/
PSI)40/20/10) yielding slightly greater potency than the non-
targeted variant GEM@(HAP/PSI).

The half-maximal inhibitory concentration (IC50) values are
summarized in Fig. 5C and D. Aer 24 h of treatment, in A549
cells, the IC50 values for free GEM, GEM@(HAP/PSI), GEM@HA-
(HAP/PSI)40, GEM@HA-(HAP/PSI)20, and GEM@HA-(HAP/PSI)10
were 21.59, 16.08, 10.19, 8.03, and 6.24 mg mL−1, respectively.
Meanwhile, the corresponding values in H358 cells were 22.01,
17.19, 12.62, 11.21, and 9.63 mg mL−1. These results demon-
strated that all drug-loaded nanoparticles displayed lower IC50

values than free GEM, conrming that the nano-delivery system
signicantly enhanced the cytotoxic effects of GEM against lung
cancer cells. This enhancement could be attributed to the more
efficient cellular internalization of the nanocarriers via endo-
cytosis, the protection of GEM from extracellular degradation,
and sustained intracellular release, which collectively increased
and maintained effective drug concentrations. For A549 cells,
the IC50 value decreased progressively with increasing HA
concentrations, indicating that drug efficacy was positively
correlated with the density of HA modication. This suggested
that a higher surface density of HA ligands could promote
stronger, potentially multivalent interactions with CD44 recep-
tors, leading to more efficient receptor-mediated uptake. These
ndings were consistent with the results of TGA and XRD
analysis, which revealed an increase in chemical modication
and cross-linking following higher HA incorporation, poten-
tially optimizing intracellular drug-release kinetics. For formu-
lations with the same HA modication level, the IC50 values
were consistently lower in A549 cells than in H358 cells. This
not only reected the higher CD44 expression in A549 cells but
also directly demonstrated that the cytotoxicity of HA-modied
nanoparticles was dependent on CD44 receptor-mediated
pathways. Nevertheless, even in H358 cells, which express low
levels of CD44, the HA-modied formulations still showed lower
IC50 values than the non-targeted formulations. This residual
activity could arise from a combination of low-level receptor
interactions and passive targeting effects, with variations
among HA-modied groups potentially attributable to differ-
ences in drug-release proles.

To visualize the cellular uptake of the nanomedicines, C6 was
employed as a uorescent probe and incorporated into the
nanoparticles. As shown in Fig. 5E and F, C6-labeled nano-
particles emitted green uorescence, while nuclei appeared blue
due to DAPI counterstaining. In CD44-high A549 cells (Fig. 5E
and G), a faint green signal was detectable in all groups at 0.5 h,
indicating the initial cellular entry of the nano-formulations.
Thereaer, the uorescence intensity increased markedly at
2 h, reecting enhanced internalization. Moreover, the uores-
cence intensity peaked at 4 h and remained strong even at 6 h,
without obvious attenuation. This time-dependent increase in
uorescence across all formulations was indicative of progressive
cellular accumulation rather than mere surface adsorption. The
sustained signal at 6 h revealed the effective intracellular reten-
tion of the nanoparticles, which was favorable for prolonged drug
25956 | RSC Adv., 2026, 16, 25944–25963
release. Notably, the uorescence intensity of HA-modied
nanoparticles (HA-(HAP/PSI)40, HA-(HAP/PSI)20, and HA-(HAP/
PSI)10) remained consistently higher than that of the non-
targeted (HAP/PSI) formulation. Moreover, the signal intensity
was positively correlated with the density of HA modication
(Fig. 5G), implying that a higher surface density of HA ligands led
to greater cellular internalization. This visual evidence directly
supported the active targeting functions of HA and aligned well
with the enhanced cytotoxic efficacy observed in the CCK-8 assay,
indicating that HA-(HAP/PSI)10 possessed the most efficient tar-
geting and delivery prole. In contrast, in CD44-low H358 cells
(Fig. 5F and H), the uorescence signals were generally weak at
all time points. Although the HA-modied formulations exhibi-
ted slightly higher uorescence intensity than the unmodied
control, the difference was marginal, and no signicant differ-
ence was observed among the different HA-modied groups.
This stark contrast to the uptake pattern in A549 cells indicated
that the benecial effects of HA modication are highly depen-
dent on CD44 receptor expression. In summary, the ndings
showed that HA modication signicantly enhances nano-
particle uptake in target cells (A549) in a time- and dose (HA
ratio)-dependent manner, primarily via CD44 receptor-mediated
pathways. The pronounced enhancement of uorescence in
CD44-high A549 cells, coupled with its minimal effect in CD44-
low H358 cells, conrmed the targeting specicity and
receptor-driven mechanism of the designed nanocarrier system.

Building on the cellular uptake observations, we further
explored the endocytic mechanisms of the lead formulation,
GEM@HA-(HAP/PSI)10, in A549 cells. Non-viral nanocarriers
typically enter cells via endocytosis and are internalized within
vesicles that subsequently mature into endosomes. Mammalian
cells possess several distinct endocytic pathways, including
clathrin-mediated endocytosis (CME), caveolin-mediated
endocytosis, macropinocytosis, and clathrin-/caveolin-
independent mechanisms.45 The specic route and efficiency
of nanoparticle uptake are inuenced by multiple factors,
including particle size, surface charge, material composition,
and surface ligands. Oen, internalization occurs through
a combination of pathways rather than a single route. Thus, to
delineate the primary uptake mechanism, A549 cells were pre-
treated with specic pharmacological inhibitors prior to incu-
bation with C6-labeled nanoparticles.

As shown in Fig. 5I and J, the cellular uptake of the nano-
particles was signicantly inhibited by chlorpromazine (CME
inhibitor), decreasing to 62.06% of control levels. This
substantial reduction (∼38% inhibition) indicated that CME
was the predominant pathway for GEM@HA-(HAP/PSI)10
uptake in these cells. In the CME route, cargo is typically traf-
cked to lysosomes via early and late endosomes.46 In this
scenario, the slow drug release prole of our nanocarrier under
acidic lysosomal pH could protect the payload from enzymatic
degradation, offering potential advantages for the delivery of
labile therapeutics such as nucleic acids. Notably, the cellular
uptake of the nano-formulations was also partially inhibited by
indomethacin (caveolin-mediated endocytosis inhibitor),
decreasing to 86.56% of control levels (∼13% inhibition),
reecting a contributory role for this pathway as well. Caveolin-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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mediated endocytosis oen bypasses lysosomal degradation,
potentially directing cargo to alternative intracellular compart-
ments such as the Golgi apparatus or endoplasmic reticulum.47

Finally, a minor reduction to 93.02% of control levels (∼7%
inhibition) was observed aer colchicine (macropinocytosis
inhibitor) treatment, suggesting a limited role for this non-
specic uid-phase uptake mechanism. In summary, our
results indicated that GEM@HA-(HAP/PSI)10 nanoparticles
enter A549 cells primarily via CME, with caveolin-mediated
endocytosis and macropinocytosis acting as secondary path-
ways. Such engagement of multiple entry mechanisms could be
advantageous, potentially reducing the likelihood of cellular
resistance due to the circumvention of any single uptake
route.48
3.6. Antitumor efficacy in vitro

As shown in Fig. 6A, A549 cells in the blank control group di-
splayed a typical polygonal morphology and remained well-
Fig. 6 In vitro antitumor efficacy in A549 cells. (A) Representative brig
treatment. (B) Wound healing (scratch) assay at 0, 12, and 24 h. (C) Qu
formation assay. (E) Quantitative analysis of colony numbers. (F) N
viability assessed via Calcein-AM/PI (live/dead) staining. Data are present
****p < 0.0001.

© 2026 The Author(s). Published by the Royal Society of Chemistry
adhered and viable. In comparison, the cells treated with free
GEM showed only modest morphological changes, largely
retaining their structural integrity. By contrast, marked alter-
ations were detected in cells treated with GEM@(HAP/PSI),
GEM@HA-(HAP/PSI)40, GEM@HA-(HAP/PSI)20, and GEM@HA-
(HAP/PSI)10. These cells exhibited obvious shrinkage, a loss of
the original polygonal shape, and a pronounced decrease in cell
density.

The migratory capacity of A549 cells was evaluated using
a scratch assay. Following wound induction in a cell monolayer,
the cells were treated with various formulations, and wound
closure was monitored at 0, 12, and 24 h (Fig. 6B). In the control
group, extensive wound closure was observed by 24 h, with
a healing rate of 53.86%. In contrast, cell migration was
signicantly suppressed in all nano-formulation-treated
groups. Notably, the GEM@(HAP/PSI) group showed markedly
reduced migration when compared to the control group.
However, the HA-modied formulations—GEM@HA-(HAP/
ht-field images showing morphological changes in A549 cells after
antitative analysis of cell migration rates at 12 h and 24 h. (D) Colony
uclear morphology assessed via Hoechst 33 342 staining. (G) Cell
ed as the mean ± standard (n $ 3). *p < 0.05, **p < 0.01, ***p < 0.001,
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PSI)40, GEM@HA-(HAP/PSI)20, and GEM@HA-(HAP/PSI)10—
yielded even stronger inhibition of cell migrations, leading to
24-h migration rates below 30% (Fig. 6C). At both 12 h and 24 h,
the migration rates in these HA-modied groups were signi-
cantly lower than those in the non-targeted GEM@(HAP/PSI)
group. These results indicated that all nano-formulations can
effectively inhibit cell migration, with their anti-migratory effect
positively correlating with the extent of HA modication. This
enhancement could be attributed to the specic binding of HA
to overexpressed CD44 receptors on the cell surface, promoting
the greater cellular internalization of the nanoparticles. The
higher intracellular drug accumulation could lead to a more
effective disruption of migration-associated signaling pathways,
leading to a superior inhibition of cell migration.49

The colony-forming capacity of A549 cells was also assessed
following treatment with different formulations. From
a morphological perspective, numerous regularly shaped colo-
nies were detected in the control group, indicating robust
proliferative capacity (Fig. 6D). In contrast, both the free GEM
and GEM@(HAP/PSI) groups exhibited irregular colony
morphology, loosely arranged cells, heterogeneous colony sizes,
and a marked reduction in colony number. As expected, the HA-
modied nano-formulations induced an even stronger
suppression of clonogenicity (Fig. 6E). While free GEM reduced
colony formation to 73.93% of control levels, nano-
encapsulation alone (GEM@(HAP/PSI)) further lowered it to
64.02%, indicating that the carrier could itself enhance the anti-
proliferative effect. This inhibition was signicantly intensied
upon HA modication, with colony formation decreasing
sharply from 36.68% in the GEM@HA-(HAP/PSI)40 group to
17.16% in the GEM@HA-(HAP/PSI)10 group. This dose-
dependent enhancement suggested that a higher density of
HA surface ligands can promote more efficient receptor clus-
tering and internalization. This leads to greater intracellular
drug accumulation and a consequently stronger inhibitory
effect on tumor stemness and proliferation-related pathways.

Apoptosis was evaluated in A549 cells following drug treat-
ment using Hoechst staining. As shown in Fig. 6F, the nuclei in
the control group displayed intact morphology and structure,
exhibiting faint blue uorescence. In contrast, the GEM@(HAP/
PSI) group showed nuclear shrinkage, the loss of membrane
integrity, and bright blue uorescence. Compared with the free
GEM group, the GEM@HA-(HAP/PSI)40, GEM@HA-(HAP/PSI)20,
and GEM@HA-(HAP/PSI)10 groups all exhibited a marked
increase in apoptotic cell counts, characterized by enhanced
nuclear staining and more intense uorescence—the hallmarks
of late apoptosis (chromatin condensation and nuclear frag-
mentation). The number of apoptotic cells was signicantly
higher in the HA-modied groups than in the non-HA-modied
group, further suggesting that increasing intracellular drug
concentrations via targeted internalization leads to the more
effective activation of mitochondrial- or death receptor-
mediated apoptotic pathways.50

Subsequently, cell viability was evaluated using a double-
staining assay with Calcein-AM and PI. Calcein-AM is a non-
uorescent dye that is hydrolyzed by intracellular esterases in
live cells to produce green-uorescent Calcein, which is
25958 | RSC Adv., 2026, 16, 25944–25963
retained within cells that have intact membranes. PI, on the
other hand, is membrane-impermeable and only enters cells
with compromised membranes, intercalating into DNA mole-
cules and emitting red uorescence. Thus, live cells uoresce
green, whereas dead cells uoresce red, allowing for the
assessment of nanoparticle-induced cytotoxicity. As shown in
Fig. 6G, compared with the control group, the free GEM and
GEM@(HAP/PSI) groups exhibited faint red uorescence. In
contrast, the GEM@HA-(HAP/PSI)40, GEM@HA-(HAP/PSI)20,
and GEM@HA-(HAP/PSI)10 groups showed a pronounced
increase in red uorescence, accompanied by a concomitant
decrease in green uorescence. These ndings aligned with the
results of the colony formation assay, indicating that HA-
modied nanoparticles not only inhibit proliferation but also
induce extensive cell death. The enhanced cytotoxic effect likely
stemmed from the CD44-mediated endocytosis of the nano-
particles, which could thereby bypass certain efflux pumps,
allowing the drug to reach the intracellular threshold concen-
tration required to more efficiently trigger apoptosis or
necrosis.51

Based on the comprehensive experimental evidence, we
inferred that the efficacy of the various formulations followed
the following order: GEM@HA-(HAP/PSI)10 > GEM@HA-(HAP/
PSI)20 > GEM@HA-(HAP/PSI)40 > GEM@(HAP/PSI) > free GEM >
control. This observed hierarchy could be attributed to the
distinct delivery and action mechanisms of each formulation.
The limited efficacy of free GEM was likely due to its reliance on
passive diffusion, which is inefficient and susceptible to efflux
pump activity. In contrast, the GEM@(HAP/PSI) nanocarrier
could enhance therapeutic outcomes by improving cellular
uptake—presumably via the EPR effect in vivo or general
endocytosis in vitro—while simultaneously enabling sustained
drug release and protection from degradation. In this scenario,
the incorporation of HA as a targeting ligand provided a signif-
icant advancement. The specic binding of HA to overexpressed
CD44 receptors on A549 cells triggered highly efficient,
receptor-mediated active endocytosis pathways (primarily via
clathrin-dependent mechanisms). This facilitated the targeted
enrichment and intracellular delivery of GEM-loaded nano-
particles, leading to a drastic increase in intracellular drug
concentration. As a result, superior therapeutic effects were
observed across multiple cellular processes, including the
inhibition of migration and proliferation, as well as the induc-
tion of apoptosis. Beyond their role as delivery carriers, the
nanoparticles could enable the HA–CD44 interaction, which
itself may modulate the malignant phenotype of tumor cells.
Since CD44 is a key signaling molecule associated with the
regulation of cell migration, proliferation, and survival, its
persistent engagement by HA-conjugated nanoparticles could
competitively inhibit the interaction between endogenous HA
and CD44, thereby disrupting downstream pro-oncogenic
signaling cascades (e.g., PI3K/Akt, Ras/MAPK). This modula-
tory effect may act synergistically with the direct cytotoxic action
of GEM.

In summary, our in vitro pharmacodynamic analyses
demonstrated that GEM@HA-(HAP/PSI)10 exhibits potent and
multifaceted abilities to inhibit A549 cell migration and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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proliferation and to induce cell death, outperforming both the
non-targeted nanocarrier and free GEM.
3.7. In vivo antitumor activity and pharmacodynamic
evaluation

Based on our in vitro pharmacodynamic ndings, we further
evaluated the in vivo antitumor efficacy of GEM@HA-(HAP/
Fig. 7 In vivo antitumor efficacy in a xenograft mouse model. (A) Repre
Excised tumors frommice belonging to each treatment group. (C) Tumor
the course of treatment. (E) Histopathological evaluation of tumor tissue
tissues (green: TUNEL-positive apoptotic cells; blue: DAPI-stained nuclei
as the mean ± standard deviation (n $ 3). ***p < 0.001, ****p < 0.0001

© 2026 The Author(s). Published by the Royal Society of Chemistry
PSI)10 in a xenogra mouse model. A commercially available
GEM formulation (Eli Lilly and Company) and saline were used
as the positive and negative controls, respectively. As shown in
Fig. 7A and B, aer 15 days of treatment, both the commercial
GEM and GEM@HA-(HAP/PSI)10 groups exhibited signicantly
smaller tumor volumes than the saline control group, indi-
cating the effective suppression of tumor growth. Notably,
sentative photographs of mice at the end of the treatment period. (B)
growth curves. (D) Body weight changes in tumor-bearingmice during
s via hematoxylin and eosin (H&E) staining. (F) TUNEL staining of tumor
). (a) Saline, (b) free GEM, (c) GEM@HA-(HAP/PSI)10. Data are presented
.
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GEM@HA-(HAP/PSI)10 demonstrated the most potent anti-
tumor effect. Quantitative analysis (Fig. 7C) conrmed that the
HA-modied nano-formulation inhibited tumor growth more
effectively than free GEM. Notably, the body weights of mice
were comparable between all drug-treated groups and the
normal group (Fig. 7D), demonstrating the good biocompati-
bility and minimal acute systemic toxicity of the prepared nano-
formulation at the administered dose.

H&E staining (Fig. 7E) revealed the presence of distinct
histopathological alterations in tumor tissues following treat-
ment with both free GEM and the GEM-loaded nano-
formulation (GEM@HA-(HAP/PSI)10) when compared to the
control. In the saline group (Fig. 7E(a)), tumor cells exhibited
a highly dense, monomorphic proliferation pattern character-
ized by a high nuclear-to-cytoplasmic ratio and hyperchromatic
nuclei. With their minimal stromal components, the cells grew
in the form of solid, back-to-back sheets. This morphology was
typical of an untreated, highly proliferative tumor, where
uniform cellularity reects vigorous clonal expansion, and there
was no evidence of therapy-induced differentiation or necrosis.
In the free GEM group (Fig. 7E(b)), a moderate reduction in
overall cellular density was observed. Scattered, small, and
structureless eosinophilic areas, indicative of early or focal
tumor cell necrosis, were present within the tissue. While the
remaining viable cells retained some degree of atypia, signs of
active proliferation were reduced. These ndings suggested that
free GEM exerts a limited and heterogeneous cytotoxic effect,
resulting in partial tumor cell death. Notably, no widespread
and signicant vacuolization was detected in the free GEM
group. In contrast, the GEM@HA-(HAP/PSI)10 group (Fig. 7E(c))
presented a markedly different histopathological landscape
dominated by numerous clear vacuoles, with an overall sparse
cellular distribution. These “ghost” outlines were characteristic
of coagulative necrosis, signifying extensive cellular disinte-
gration.52 The residual tumor cell nests appeared fragmented
and sparse, indicating widespread, coordinated tumor cell
death (including both necrosis and apoptosis) and severe
architectural disruption. Notably, the presence of large,
conuent necrotic areas is a gold-standard pathological indi-
cator of potent chemotherapeutic efficacy.53 The extensive
vacuolization and necrosis detected in the nano-formulation
group suggested that GEM@HA-(HAP/PSI)10 facilitates the
deeper and more effective accumulation of GEM within tumor
tissues, likely through the EPR effect and/or active targeting.
The profound reduction in cellularity reected a substantial
decrease in overall tumor burden and suppression of prolifer-
ative activity.

To further evaluate the in vivo antitumor mechanism,
TUNEL/DAPI staining of tumor tissues was performed to detect
apoptosis (Fig. 7F and G). In the saline group (Fig. 7F(a)), the
TUNEL (red) channel showed intense, dense red uorescent
signals, indicating widespread DNA fragmentation and, conse-
quently, active apoptosis. Meanwhile, the DAPI (blue) channel
revealed a high density of nuclei. The extensive co-localization
of red signals with blue nuclei (appearing pink/purple) in the
merged image conrmed that these apoptotic events occurred
within tumor cells. According to the literature, in rapidly
25960 | RSC Adv., 2026, 16, 25944–25963
growing, highly crowded, untreated tumors, severe nutrient
competition and a hypoxic microenvironment can trigger
“spontaneous apoptosis” in a subset of cells.54 However, since
the proliferation rate far exceeds the apoptosis rate, the overall
tumor mass continues to expand. Therefore, the strong TUNEL
signal in this group reected a “high turnover rate” and internal
turmoil (i.e., “background apoptosis” due to internal stress in
unperturbed tumors), rather than an effective therapeutic
response. In the free GEM group (Fig. 7F(b)), the intensity and
density of the TUNEL red signals were reduced when compared
to the saline group but were still clearly discernible. The merged
image also showed decreased co-localization signals. This
indicated that free GEM effectively disrupted DNA synthesis,
inducing apoptosis in a portion of tumor cells and potentially
clearing some cells, producing a denite pharmacologic effect.
However, likely due to factors such as suboptimal drug delivery
efficiency and tumor heterogeneity, apoptosis induction was
focal and incomplete, failing to destroy most of the tumor
tissue.55 This was consistent with the absence of large necrotic
areas in H&E-stained sections. However, the GEM@HA-(HAP/
PSI)10 group (Fig. 7F(c)) presented the most distinct phenotype.
The TUNEL red signal became extremely faint and sparse in this
group and was nearly at background levels. This suggested that
cells may be undergoing other forms of death on a large scale,
such as necrosis or pyroptosis, or that apoptotic cells may be
rapidly cleared aer the death program was completed, pre-
venting the accumulation of TUNEL-detectable signals. This
observation was entirely in line with the extensive necrotic areas
observed in H&E staining (Fig. 7E(c)), collectively proving that
the nano-formulation triggers a more thorough and widespread
disintegration of tumor tissues.

In summary, the antitumor efficacy of the GEM@HA-(HAP/
PSI)10 nano-formulation was signicantly superior to that of the
commercially available GEM formulation (free GEM) tested in
this study. The superior outcomes likely stemmed from the
combined advantages of the nano-formulation: HA-mediated
active targeting towards CD44-expressing tumor cells, the
passive accumulation facilitated by the EPR effect due to an
appropriate nanoscale size (∼185 nm), and pH-responsive drug
release within the tumor microenvironment or cellular
compartments. The commercially available GEM formulation,
as a free drug, was distributed non-specically in the body, was
rapidly cleared, and achieved limited accumulation within the
tumor tissue. Consequently, it could only induce focal and
incomplete tumoricidal effects. In contrast, the GEM@HA-
(HAP/PSI)10 nano-carrier, owing to the CD44 targeting capacity
of HA and its optimal size, achieved highly efficient accumula-
tion at the tumor site via the EPR effect and active targeting.
This accumulation potentially arose from a combination of:
(i) HA–CD44 binding, aiding the anchoring of nanoparticles on
CD44-expressing tumor cells during systemic circulation, and
(ii) the synergy between the EPR effect and receptor-mediated
endocytosis, enabling a higher degree of dual targeting at
both the tissue and cellular levels. This resulted in signicantly
higher local drug concentrations within the tumor, leading to
more potent and extensive tumoricidal action. Furthermore, the
nanocarrier likely provided protection to GEM, reducing its
© 2026 The Author(s). Published by the Royal Society of Chemistry
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rapid metabolic deamination and inactivation in the blood-
stream, and could also bypass some membrane transporter-
mediated resistance mechanisms via endocytic uptake routes.
This prolonged drug action likely contributed to more profound
and continuous tumor cell death, pathologically manifesting as
large areas of tissue disintegration rather than sporadic focal
necrosis.

Although a vast array of nanocarriers has been developed,
their clinical translation has remained limited. Following the
approval of the rst PEGylated doxorubicin liposome, Doxil®, in
1995, only approximately 90 nanomedicines had reached the
market by the end of 2023,56 with some even being withdrawn
subsequently. At present, the nanocarriers used in clinical
settings and those under clinical investigation are still
predominantly passively targeted, lipid-based systems. While
these nanomedicines have improved patient compliance when
compared to conventional formulations, most have not yielded
substantial enhancements in clinical efficacy.57 Meanwhile,
more precisely targeted delivery systems, such as those
employing active targeting strategies, oen encounter signi-
cant bottlenecks during clinical development and face trans-
lational challenges.58 In this context, major hurdles include the
inherent limitations of nanoparticles with respect to long-term
stability, efficacy, and safety; the restricted repertoire of phar-
maceutically acceptable carrier materials; and the challenges
associated with industrial-scale manufacturing, packaging, and
cost-effectiveness. The design, synthesis, and preparation of
advanced delivery systems (e.g., active, physical, or chemical
targeting) are oen complex, leading to difficulties in repro-
ducible scale-up production, stringent impurity/quality control,
and adequate sterilization and physicochemical stability. These
issues collectively represent a key hurdle in the journey from the
development of functional nanocarriers to their successful
industrial and clinical translation.

In this context, the GEM@HA-(HAP/PSI) nano-targeted
delivery system developed in this study presents several poten-
tial advantages for clinical translation when compared to
conventional liposomal formulations. These include its rela-
tively lower production costs (owing to the use of inexpensive
raw materials), a simple and feasible preparation process that
does not require stringent conditions or specialized equipment,
minimal impurity generation, the feasibility of integrating
sterilization during excipient production, ease of terminal
sterilization, and considerable process robustness (such that
variations in feed quantities within a certain range do not
compromise product quality). Furthermore, the system
currently has a DLC of at least 300 mg g−1. The platform
developed in this study is thus highly promising from a clinical
perspective. By modulating the shell materials, core composi-
tion, and particle size, this system may be adapted for different
targeting modalities (passive, active, physical, or chemical) and
could be suitable for various administration routes, including
oral administration, inhalation, implantation, and injection.
Overall, this delivery system appears to be particularly well-
suited for the in vivo delivery of antitumor agents and nucleic
acid-based gene therapeutics.
© 2026 The Author(s). Published by the Royal Society of Chemistry
4. Conclusion

In this study, based on a CD44 receptor-mediated active tar-
geting strategy, we successfully developed a HA-modied
nanocarrier co-delivery system, termed GEM@HA-(HAP/PSI),
for the encapsulation of GEM. The resulting nanoparticles
showed spherical morphology, uniform distribution, and
a moderately negative surface charge. In vitro cellular uptake
studies demonstrated that the system could effectively enhance
intracellular accumulation in CD44-overexpressing lung cancer
cells via HA–CD44 receptor interaction, which conrmed its
active targeting capability. More importantly, in vivo antitumor
efficacy assessments indicated that GEM@HA-(HAP/PSI)
provides signicantly stronger tumor growth inhibition than
free GEM or a commercial GEM formulation. Collectively, this
study offers a promising targeted delivery strategy for GEM in
cancer therapy.
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