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Abstract

In this study, elliptical hollow magnetic mesoporous silica nanoparticles (HMNPs) were employed as precursors for drug
carriers. To enhance the drug-loading capacity and impart multifunctionality, C,, N-doped graphene quantum dots (N-
GQDs), disulfide bonds (-SS-), and polyethylenimine (PEI) were sequentially incorporated into the structure. Given that the
elliptical morphology facilitates specific cell targeting and improves delivery efficiency, elliptical HMNPs-C -N-GQD-
s-SS-PEI nanoparticles were synthesized to optimize retention and delivery performance. These nanoparticles, assembled
via disulfide bonds, function as redox-responsive delivery systems with pH- and redox-responsive controlled release in tu-
mor cells. The integration of magnetic HMNPs enables magneto-responsive behavior, allowing precise guidance through ex-
ternal magnetic fields, which is advantageous for precision therapy. The nanoparticles were systematically evaluated for

their loading capacity, sustained-release characteristics, cytotoxicity, and antitumor efficacy using gambogic acid (GA). Re-

sults demonstrated superior fluorescence and magnetic properties, rendering them suitable for in vivo imaging and in vitro
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tumor growth.
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magnetic targeting therapy. The system exhibited high efficiency, long-term sustained release, and significant inhibition of
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Introduction

Traditional treatments face challenges due to high
recurrence rates, difficulty in eradication, and unavoidable
side effects [1-6]. There is an urgent need for novel cancer
treatment methods. Nano-scale drug delivery systems have
gained attention for reducing toxicity, prolonging drug cir-
culation, and improving the water solubility of anti-cancer
drugs [7,8]. Stimuli-responsive systems offer effective con-
trol over drug delivery and release [9]. The tumor microen-
vironment, characterized by acidic pH, enhanced enzyme
activity, altered redox status, and glutathione overexpres-
sion [10, 11], influences tumor cell survival, migration, and
therapeutic responses. Understanding these unique features
can help identify targets for more precise cancer treatments.
Internal factors such as temperature, pH, enzyme activity,
and glutathione [12] can trigger drug release under specific

physiological conditions [13].

Particle morphology plays a critical role in influ-
encing cellular drug uptake and is significant in preventing
drug particles from being phagocytosed via endocytosis
[14]. Spherical nanoparticles tend to remain at the center of
flow during motion [14] and are predominantly influenced
by size during drug release [15]. In addition to spherical par-
ticles, other morphologies, such as ellipsoidal and cubic
Fe,O, nanostructures, have been utilized as cores for con-
structing magnetic mesoporous silica microspheres. Unlike
spherical nanoparticles, elliptical nanoparticles exhibit the
most efficient particle attachment [16,17] and are more sus-
ceptible to torsional stress, causing them to tumble and ro-
tate. This enhances lateral drift toward blood vessels in the
microenvironment, enabling their use in flow fractionation
systems for high-throughput particle separation and ulti-

mately improving cellular uptake [18].

Recently, Ma et al. developed Au NRs-MMSNEs

composite nanoellipsoids comprising Fe,O, cores, meso-
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porous silica shells, and a uniform Au nanorod layer. Intra-
tumoral injection in tumor-bearing mice significantly en-
hanced the T,-weighted MR negative contrast [19]. Ellipsoi-
dal core-shell nanoparticles coated with triple pH/redox/ul-
trasound-responsive polymer or pH/redox-sensitive PL-
H-PEG-LA, along with targeted FA-PEG polymers, demons-
trated eflicient DOX release and significant cytotoxicity
against MCF-7 and breast cancer cells [20-21]. Chen et al.
employed a layer-by-layer self-assembly technique to fabri-
cate QDs-coated ellipsoidal M-MSNs, achieving a 15%
DOX loading capacity, which holds promise for combined
MRI/fluorescence imaging and therapy [19]. These findings
highlight the critical role of ellipsoidal carriers in drug deliv-

ery, sustained release, and tumor inhibition.

The biocompatible C, molecule (inner diameter
0.3 nm, outer diameter 0.71 nm) can serve as a drug deliv-
ery carrier [22] for small molecule drugs like gambogic acid
(GA). Cy, and its derivatives exhibit low biological toxicity
and remain in the body for about a week after intravenous
injection. Polyethyleneimine (PEI), a cationic polymer with
good water solubility and abundant positive charges, forms
stable complexes with negatively charged GA via electrostat-
ic interactions. PEI-modified nanoparticles show high affini-
ty for negatively charged cells and significantly inhibit the
expression of the proto-oncogene Bel-2 protein, enhancing
anti-tumor effects [23]. Additionally, PEI-based nanomate-
rials function as contrast agents in molecular imaging, con-
verting molecular interactions into detectable signals for tis-
sue and disease visualization [24]. A near 90° dihedral angle
in disulfide bonds improves the steric flexibility of carriers,
making them suitable for redox-responsive systems. Disul-
fide bond-coupled prodrug nanoparticles remain stable in
systemic circulation and are reduced to sulfthydryl groups
under high GSH concentrations within tumor cells [25], im-

proving the hydrophilicity of the drug-loading system.
The general gambogic acids (GA) were extracted
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from gamboge and purified, yielding primarily gambogic
acid (GA) (C,3H,,O;). GA demonstrates a broad spectrum
of bioactivities, including anti-tumor, antimicrobial, and an-
ti-proliferative effects on various cancer cells, such as lung
cancer, prostate cancer, pancreatic cancer, gastric cancer,
leukemia, and hepatocarcinoma [26]. However, few studies
have reported the inhibitory effect of GA on the growth of
SMMC-7721 cells. This may involve a unique mechanism
potentially related to its inhibition of telomerase activity
[27, 28].

In this study, elliptical multifunctional carriers of
HMNPs (hollow magnetic mesoporous silica nanoparti-
cles)-Cq,-N-GQDs-SS-PEI were successfully prepared. Spe-
cifically, C4, and PEI enhance the drug-loading capacity of
the nanomaterials, while N-GQDs enable real-time fluores-
cence imaging [29-31]. These elliptical multifunctional carri-
ers demonstrated low cytotoxicity, excellent drug-loading ef-
ficiency, and sustained cumulative release properties for
GA. Furthermore, the in vitro and in vivo inhibition of
SMMC-7721 cells by GA-loaded multifunctional carriers

was investigated.

Material and Methods
Materials and Experiments

The detailed sections on Materials and Characteri-
zation are provided in Text S1 and Text S2, respectively.
The preparation of HMNPs-C-N-GQDs-SS-PEI is de-
scribed in Text S3 and Text S4. The loading and sustained

V =

release of GA by magnetic fluorescence composite meso-
porous particles are outlined in Text S5. For the detailed

Cell Experiment section, refer to Text S6.

Ethical statement

The cell and mouse experiments study was ap-
proved by the Shanghai University, Baoshan 200444, and
China. SMMC-7721 (CL-0216) were kindly provided by
Procell Life Science & Technology Co., Ltd.

Cell and Animal experiments

(1) Anti-tumor experiment in vivo in tumor-bear-
ing mice

Human hepatoma SMMC-7721 cells were allo-
geneically transplanted into 30 sex-matched nude mice via
subcutaneous injection. The mice were randomly divided in-
to three groups: two control groups and one experimental
group, with each group housed in separate cages for tumor
formation. Ten days post-transplantation, 100 uL of PBS so-
lution, 100 uL of HMNPs-C,-N-GQDs-SS-PEI (GA), and
100 pL of HMNPs-C,,-N-GQDs-SS-PEI (GA) (with an ex-
ternal magnetic field) were injected into the tail veins of the
mice in the respective groups. Starting from the first day of
sample injection, tumor size was measured every four days
using a caliper. After 13 days, the mice were euthanized,
and the tumors were excised. The tumor volume before
treatment was denoted as V,, while the tumor volume mea-
sured on subsequent days was denoted as V. Tumor volume
and relative tumor volume were calculated using the follow-

ing formula:

_ the longest diameter of tumor X (the shortest diameter of tumor)?

Relative Tumor Volume =

The detailed procedure for the tissue section exper-

iment, including sample embedding and fixation, HE stain-
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ing, and image acquisition, is provided in Text S7. For the
determination of biodistribution in mice, please refer to
Text S8.
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Results and Discussion

Morphology Analysis of Composite Mesoporous Par-

ticles

The synthesis process of HMNPs-C (-N-GQD-
s-SS-PEI nanoparticles for targeted cancer therapy, along
with the pyrolysis induction procedure, is illustrated in
Scheme 1. As shown in Figure la, the elliptical a-Fe,O,
nanoparticles exhibit a short-axis size of 50-60 nm and a
long-axis size of 110-120 nm. Figure 1b presents the TEM
image of a-Fe,0,@Si0,, revealing that the long axis mea-
sures 125-135 nm, the short axis measures 60-70 nm, and
the mesoporous SiO, shell has a thickness of approximately
6 nm. The inset in Figure 1b shows the parallel arrangement
of mesoporous channels, with an inter-pore center distance
of approximately 3.1 nm. These characteristics indicate that
the synthesized magnetic hollow nanospheres are suitable

for drug loading and magnetic targeting applications.

Figure 1lc displays the morphology of elliptical

magnetic mesoporous nanospheres (HMNPs) obtained af-

e-Fe,0,@Si0,
Vo s 8 400°C o
v L) 2o S
Aty * e 3w 9o
e-Fe,0, e-Fe,0,@Si0,@mSi0,-Cq
(e-HMNPs)

Scheme.1 0

4

ter high-temperature calcination in an N,/H, atmosphere.
The short-axis size of the nanoparticles is 85-95 nm, while
the long-axis size is 140-150 nm. The inset in Figure 1c pro-
vides the HRTEM image of HMNPs. Figure 1d illustrates
the morphology of HMNPs-C,,-N-GQDs, showing in-
creased surface roughness due to the attachment of C,, and
N-GQDs. Following -SS- bond grafting and PEI encapsula-
tion, as depicted in Figure le, the surface roughness further
increases, with fibrous-like substances visibly covering the
surface. The particle size of HMNPs-C-N-GQDs-SS-PEI
slightly increases, with the short axis measuring 105-115
nm and the long axis measuring 160-180 nm. This size
range (20-200 nm) facilitates efficient penetration into tu-

mor cells [32].

Figure 1f shows the selected-area electron diffrac-
tion pattern of Fe,O,, corresponding to the (111), (220), and
(311) crystal planes. This confirms that Fe in HMNPs-C ;-
N-GQDs-SS-PEI exists in the form of Fe,O,, which exhibits
excellent magnetic properties and imaging contrast, making

it highly beneficial for magnetic targeting therapy.

e-HMNPS@C-N-GQDs e-HMNPS@C,-N-GQDs-SS-PEI(GA)

e-HMNPS@C,,-N-GQDs-SS-PEI

Scheme 1: Schematic illustration of the synthesis and induced pyroptosis process of elliptical HMNPs-C,-N-GQDs-SS-PEI

nanoparticles for cancer targeted therapy.

JScholar Publishers

J Nanotech Smart Mater 2025 | Vol 10: 104



200 nm

Figure 1: TEM of (a) a-Fe,0;, (b) a-Fe,0,@Si0,, insets are mesoporous SiO,images, (c) HMNPs, insets are HMNPs HRTEM
images, (d) HMNPs-C,-N-GQDs, () HMNPs-C,-N-GQDs-SS-PEI and (f) Electron Diffraction Pattern

Figure 2a and b show that both synthesized a-
Fe,O, and a-Fe,O,@Si0O, materials exhibit elliptical struc-
tures, with the particle size of a-Fe,0,@SiO, being slightly
larger than that of a-Fe,O;, consistent with TEM results.
The elliptical structure of the composite mesoporous parti-
cles is clearly observed in Figure 2c and d. The surface
roughness of the particles increases due to the sequential
grafting of C,,, N-GQDs, disulfide bonds, and PEI, making
the HMNPs-C,,-N-GQDs-SS-PEI surfaces significantly
rougher than those of HMNPs. Additionally, the long-axis
size of the samples is less than 200 nm, and the short-axis

size is less than 100 nm. This size facilitates blood circula-

tion and cellular endocytosis by tumor cells, enabling effec-
tive tumor treatment. Furthermore, the material can be ex-
creted via the kidneys after treatment, minimizing drug-re-
lated side effects on the body. The corresponding EDS map-
ping images for a-Fe,O, and HMNPs materials are present-
ed in Figure S1 and Figure S2, respectively. As shown in Fig-
ure. 2e, EDS mapping confirms that HMNPs-C,-N-GQD-
s-SS-PEI materials contain elements such as C, N, O, Si, S,
and Fe. Specifically, Fe originates from the a-Fe,O, core, Si
and O from the SiO, shell, N and C from N-GQDs quantum
dots, and S from the -SS- bond, verifying the successful syn-
thesis of HMNPs-C60-N-GQDs-SS-PEI nanomaterials.

Figure 2: SEM of (a) a-Fe,0;, (b) a-Fe,0,@Si0,, (c) HMNPs, (d) HMNPs-C-N-GQDs, (¢) HMNPs-C,-N-GQDs-SS-PEI and
EDS Mapping analysis of each element
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Analysis of Other Properties of Composite Meso-

porous Particles

As shown in Figure 3a and b and Table S1, the sur-
face area and pore size of elliptical HMNPs-C60-N-GQD-
s-SS-PEI are 602.87 m?/g and 3.08 nm, respectively. The sur-
face area sequentially decreases in the order of HMNPs-C, -
N-GQDs-SS-PEI, HMNPs-C,,-N-GQDs-SS, HMNPs-C,,-
N-GQDs, HMNPs-C,,, and HMNPs. This trend is primarily
attributed to the successive grafting of C60, N-GQDs, -SS-,
and PEI moieties onto HMNPs, forming consecutive modifi-
cation layers on the particle surface. These layers not only
enhance material complexity but also generate additional
microstructural features or active sites, thereby increasing
the specific surface area. Consequently, the elliptical mate-
rial exhibits a larger surface area, which facilitates drug load-

ing.

As depicted in Figure 3c, elliptical HMNPs-Cy,
HMNPs-C,-N-GQDs, HMNPs-C,,-N-GQDs-SS, and HM-
NPs-Cg,-N-GQDs-SS-PEI show significant differences in co-

ercivity and remanence compared to unmodified HMNPs.

The saturation magnetization gradually decreases with the
addition of modifiers. This is mainly due to the grafting of
Ce» N-GQDs, -SS-, and PEI groups, which alter the surface
chemical properties of HMNPs, such as shielding or weaken-
ing of surface magnetic moments. Notably, the saturation
magnetization of HMNPs-C,-N-GQDs-SS-PEI is 5.8
emu/g, indicating its potential application as a contrast
agent. Furthermore, N-GQDs and elliptical materials exhib-
it exceptional fluorescence properties, as demonstrated in
Figure 3d and e. The fluorescence intensity of HMNPs-C -
N-GQDs-SS-PEI at 5.5x10° suggests its suitability for in vi-

vo fluorescence imaging.

The feasibility of the nano-drug delivery system en-
tering cells was evaluated through zeta potential analysis. As
shown in Figure 3f, significant changes in the zeta potential
were observed. HMNPs-C,,-N-GQDs-SS-PEI exhibited a
positive charge of 27.23 mV. Since the cell membrane is neg-
atively charged, this facilitates the electrostatic interaction
between positively charged HMNPs-C,-N-GQDs-SS-PEI
nanomaterials and tumor cell surfaces, enhancing the mate-

rial's cellular uptake efficiency.
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Figure 3: (a) N2 adsorption and desorption isotherm, (b) pore size distribution of elliptical HMNPs-C60-N-GQDs-SS-PEL (c)

Hysteresis loops, (d) UV absorption and fluorescence spectra of N-GQDs, (e)Fluorescence spectra (f) Zeta-potential of ellipti-

cal carrier materials at different stages,

Analysis of Structure and Functional Groups in

Composite Mesoporous Particles

The elemental composition of the carrier was ana-
lyzed using XPS, as detailed in Table S2 and Figure 4a-e,
which present the total spectrum and the peak spectra of C,
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O, N, and S for HMNPs-C,,-N-GQDs-SS. The results con-
firm that the synthesized elliptical HMNPs-C,-N-GQDs-SS
material contains elements such as C, N, O, and S, thereby
supporting the conclusions drawn from EDS mapping analy-
sis. The structural characteristics of the carrier were further

examined via XRD, as shown in Figure 4f. HMNP-
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s-C60-N-GQDs-SS-PEI exhibit an amorphous broad diffrac-

tion peak around 26 = 20°, indicative of the presence of

amorphous SiO, nanoparticles. Additionally, prominent

characteristic diffraction peaks are observed at 260 = 30.11°,
35.47°, 43.12°, 53.48°, 57.01°, and 62.59°, corresponding to
crystal planes (220), (311), (400), (422), (511), and (440), re-
spectively, confirming the formation of Fe,O,. Despite sur-

face modification with C,,, N-GQDs, -SS-, and PEI on HM-

NPs, the intensity of the characteristic diffraction peaks de-

creased gradually, while the crystal structure remained

unchanged. This indicates that the synthesized and modi-

fied composite mesoporous microparticles exhibit stability

in their crystalline phase.

Infrared spectroscopy was also conducted to ana-
lyze the chemical structures of elliptical HMNPs, HMNP-
s-Cy» HMNPs-C-N-GQDs, HMNPs-C,,-N-GQDs-SS, and
HMNPs-C,,-N-GQDs-SS-PEI, as shown in Figure 5. Two

absorption bands associated with Si-O-Si were observed at

7

1091 cm™ and 460 cm’’, confirming the presence of SiO,
shells on the surface of HMNPs. The successful grafting of
carboxylated C,, onto HMNPs was evidenced by two absorp-
tion bands at 1728 cm™ and 1547 cm', corresponding to the
characteristic peaks of amide I and amide II. Furthermore,
the appearance of a characteristic peak at 953 cm™ con-
firmed the presence of N-C,,. The HMNPs-C,,-N-GQDs
curve revealed characteristic peaks of N-H, C=C, and C-H
in N-GQDs at 3440 cm', 1455 cm ™', and 1391 cm’’, respec-
tively, indicating the successful grafting of N-GQDs onto
HMNPs-C,,. The presence of a characteristic peak at 558
cm’” confirmed the grafting of 3, 3-dithiodipropionic anhy-
dride onto HMNPs-C,-N-GQDs, forming HMNPs-C-N-
GQDs-SS. Finally, the successful grafting of PEI was con-
firmed by the appearance of characteristic peaks at 2974
cm” and 1052 cm™ in the HMNPs-C,,-N-GQDs-SS-PEI
curve, corresponding to tertiary amine groups in PEI. These
infrared spectroscopy results demonstrate the successful pre-
paration of HMNPs-C,-N-GQDs-SS-PEL
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Effects of Grafted Molecule on GA Encapsulation

Rate and Cumulative Sustained Release Rate

There are three grafted molecules that influence
the GA encapsulation rate and cumulative sustained release
rate: Cy, N-GQDs, and PEL. Among these, C,, and PEI ex-
hibited a more pronounced effect, as shown in Figure 6.
Therefore, we focused on examining their influence on the
GA encapsulation rate and cumulative sustained release

rate.

Cy-modified HMNPs possess a hollow cage-like
structure with a large n-electron system, enabling them to
load more drug molecules. Under pH 5.7 + GSH condi-
tions, an appropriate amount of C,, improves the encapsula-
tion efficiency and sustained-release profile. As depicted in
Figure 6a, the encapsulation efficiency and sustained-re-
lease rate gradually increased with increasing C, content,
reaching an optimal value at 450 pL for HMNPs-C,. The el-
liptical carrier achieved a maximum cumulative sustained
release rate of 30.69% within 220 hours and an encapsula-
tion efficiency of 76.35%, as shown in Figure 6b. However,

excessive Cg, can cause steric hindrance, reducing encapsula-
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tion efficiency. This is attributed to m-m stacking interac-
tions between Cg, and certain drug molecules [33-35].
While an appropriate amount of Cg, increases the adsorp-
tion surface for drug molecules, promoting drug release, ex-
cessive C, may lead to overly dense structures that restrict

drug diffusion and reduce release rates.

When the composite nanocarrier was modified in-
to HMNPs-C,,-N-GQDs-SS by sequentially grafting N-
GQDs and 3'3-Dithiodipropionic acid, it did not significant-
ly enhance the drug loading rate, as illustrated in Figures. 6¢
and d. To address this issue, PEI was introduced. As shown
in Figure 6e, the GA encapsulation efficiency increased with
higher PEI content, reaching a maximum of 89.72% at 10
mL PEIL Figure 6f indicates that under pH 5.7 + GSH condi-
tions, the GA cumulative sustained release rate reached a
maximum of 42.79% at 10 mL PEI. However, excessive PEI
is not conducive to sustained drug release. This may be due
to the increasing positive charge density on the nanoparticle
surface caused by PEI, which enhances electrostatic attrac-
tion with GA molecules, promoting rapid drug release. At
high concentrations, PEI may form micelles that restrict GA

diffusion, thereby decreasing the release rate.

J Nanotech Smart Mater 2025 | Vol 10: 104
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Figure 6: The influence of the amount of (a) C, (c) N-GQDs (e) PEI on the encapsulation rate of GA, the influence of the
amount of (b) C, (d) N-GQDs (f) PEI on the release rate of GA at pH=5.7+GSH

Drug Loading and Sustained Release in Composite

Mesoporous Microparticles

Figure 7 presents the results of a simulated study
on the cumulative sustained release rate of GA in normal
cells and tumor cells, mediated by elliptical carriers of HM-
NPs-Cq,-N-GQDs-SS-PEI under optimal dosage conditions.
The pH/redox dual-responsive behavior was also analyzed.
As depicted in Figure 7a, the drug release rates in the four
experimental groups were relatively rapid during the initial
10 hours. Subsequently, as time progressed, the release rate
gradually decreased, transitioning into the slow-release
phase. This phenomenon can be attributed to the reversible
interaction between GA and the carrier, enabling the con-
trolled and sustained release of encapsulated molecules
[36]. After 140 hours, the drug release reached a plateau, pri-
marily due to diffusion from the cavity and shell meso-

porous channels within HMNPs. Two key factors contribut-
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ing to the slow release include the bonding interactions be-
tween GA's carboxyl group and PEI, as well as n-n stacking
interactions between GA molecules and C,;, which modu-

late drug-carrier interactions [37].

As shown in Figures 7b and 7c, the cytotoxicity of
the elliptical HMNPs-C,-N-GQDs-SS-PEI(GA) system is
significantly higher than that of HMNPs-C,-N-GQDs(GA)
materials. This enhanced cytotoxicity is attributed to the
cleavage of the -SS- bond induced by the overexpression of
GSH in cancer cells, leading to increased drug release.
Notably, the elevated cell mortality rate of the elliptical ma-
terials is associated with their lateral drift toward blood ves-
sels in the microenvironment, thereby promoting enhanced

cellular uptake.

Compared to unmodified HMNPs, the carrier
functionalized with Cy;, N-GQDs, and PEI has markedly im-

proved the encapsulation efficiency and sustained release
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rate of GA. As illustrated in Figures 7d and 7e, the encapsu-
lation efficiency and cumulative sustained release rate of the
elliptical carrier increased from 60.57% and 30.45% for the
initial HMNPs to 89.72% and 47.58% for the final HMNP-
s-Cg-N-GQDs-SS-PEI respectively. Cy, and HMNPs physi-
cally load GA, while N-GQDs and PEI chemically bond
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with GA. The synergistic effect of these two loading mech-
anisms significantly enhances the loading capacity of HM-
NPs-C,,-N-GQDs-SS-PEI for GA. In tumor cells, the cleav-
age of -SS-, the electrostatic repulsion between N-GQD-
s/PEI and GA, collectively promote the release of GA, there-
by improving the cumulative sustained release rate of the

drug.
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Figure 7: Cumulative sustained release rate of (a) elliptical HMNPs-C,-N-GQDs-SS-PEL; MTT Cytotoxicity analysis was per-
formed on SMMC-7721 cells treated with various concentrations of (b) elliptical HMNPs-C,-N-GQDs(GA) and (c) HMNPs-
Cs-N-GQDs-SS-PEI(GA) for 12 hours, 48 hours, and 72 hours. (d) Encapsulation rate of GA (e) the release rate at pH

=5.7+GSH by carrier materials at different stages

The effects of varying amounts of GA on the en-
capsulation efficiency and drug loading efficiency of HMNP-
§-Cs-N-GQDs and HMNPs-C-N-GQDs-SS-PEI were sys-
tematically investigated to determine the optimal GA
dosage. Specifically, 10 mg of HMNPs-C-N-GQDs were
loaded with different amounts of GA to ascertain the opti-
mal GA concentration. The resulting encapsulation efficien-
cy and drug loading data are presented in Table S3 for HM-
NPs-C,,-N-GQDs and in Table $4 for HMNPs-C,,-N-GQD-
s-SS-PEL Given that PEI is abundant in amino groups, GA
can be electrostatically bound to the carrier, thereby enhanc-
ing drug loading capacity. As the GA amount increased
from 1.0 mg to 4.0 mg, the drug loading gradually im-
proved, while the encapsulation efficiency remained relative-
ly stable. However, when the GA amount reached 8.0 mg,
the encapsulation efficiency exhibited a significant down-
ward trend due to overloading-induced structural instabili-
ty [38]. Considering the maximization of drug loading effi-
ciency, the optimal GA dosage was determined to be 4.0

mg, achieving an encapsulation efficiency of 57.61% and a
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drug loading capacity of 228.64 mg/g.

We further examined the influence of pH and
GSH concentrations on drug release behavior. As shown in
Table 1, the cumulative release rate of HMNPs-C,,-N-GQD-
s-SS-PEI under acidic conditions (pH = 5.7) with high GSH
levels was significantly higher compared to other condi-
tions. This phenomenon can be attributed to the acidic mi-
croenvironment and elevated GSH content within tumor
cells, which catalyze the cleavage of disulfide bonds, expos-
ing additional pores and facilitating drug release. Addition-
ally, under acidic conditions, GA becomes protonated, gen-
erating electrostatic repulsion with the positively charged
HMNPs-C,,-N-GQDs-SS-PEI, promoting the detachment
of drug molecules from the carrier. Consequently, this sys-
tem enables dual-controlled drug release based on both pH
and redox stimuli within tumor cells without adversely af-
fecting normal cells. Notably, the elliptical material demons-
trated a sustained release rate of 47.58%, prolonging the re-
lease time and reducing the frequency of drug administra-

tion, thereby minimizing side effects on patients. These ad-
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vantages render the material highly promising for practical
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applications in tumor-targeted therapies.

Table 1: Cumulative sustained release rate of elliptical HMNPs-C60-N-GQDs-SS-PEI (GA) under different conditions

Accumulated released(%)

pH=5.7+GSH | pH=5.7 | pH=7.4+GSH | pH=7.4

140 h

45.16% 30.25% 23.46% 22.13%

220 h

47.58% 31.40% 26.17% 24.64%

The MTT assay was employed to assess the cyto-
toxicity of the carrier, and the results are presented in Fig-
ure S3. The elliptical carrier demonstrates significantly di-
minished cytotoxicity. To verify the oxidative-controlled re-
lease performance of the -SS- bond, a cytotoxicity analysis
was conducted on HMNPs-C60-N-GQDs (GA) and HMNP-
s-C60-N-GQDs-SS-PEI (GA).

Furthermore, the Higuchi, first-order kinetic, and
Weibull models were utilized to investigate the drug release
behavior from the carrier. The findings are illustrated in Fig-
ure 4, indicating that the Weibull model can more accurate-

ly simulate the time-dependent release behavior of GA.

Cyinmembrane Material

(a)

The confocal laser scanning microscopy technique
was applied to examine the cellular uptake of composite
nanoparticles following their introduction into the organ-
ism. As depicted in Figure 8a, the red regions correspond to
the cell membrane stained with DiD dye at an excitation
wavelength of 633 nm, while the blue regions represent the
fluorescence of N-GQDs within the material at a wave-
length of 440 nm. The merged image reveals that the red re-
gions encircle the blue regions, and the high fluorescence in-
tensity of the elliptical materials highlights their robust tar-
geting ability.
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Figure 8: (a) HMNPs-C,,-N-GQDs-SS-PEI treated SMMC-7721cells laser confocal image, (b) tumor pictures in the magnetic

targeting drug administration group, (c) Tissue sections of the heart, spleen and lung of the elliptical carrier of the control

group-a and the magnetically targeted drug delivery group-b, (d) Tumor growth inhibition under diverse treatment conditions

employing elliptical carriers.

To investigate the inhibitory effect of the magnetic
nano-drug delivery system on tumors, in vivo experiments
were conducted using tumor-bearing mice transplanted
with SMMC-7721 cells. As shown in Figure 8d, the PBS con-

trol group exhibited normal tumor growth, while the treat-
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ment group demonstrated a reduction in relative tumor vol-
ume as the treatment duration increased. Under the influ-
ence of an external magnetic field, the relative tumor vol-
ume of the nano-drug group decreased more significantly

over time compared to the drug-only group. This enhanced
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efficacy is primarily attributed to the efficient aggregation of
HMNPs-C,-N-GQDs-SS-PEI magnetic nanoparticles at the
tumor site under magnetic guidance. This enables specific
drug release within the tumor microenvironment, character-
ized by mild acidity and overexpression of GSH, thereby im-
proving therapeutic outcomes. Figure 8b illustrates tumors
excised from mice every four days, clearly showing that the
tumor volume gradually decreases under the combined ef-
fects of magnetic targeting and dual-responsive systems. Af-
ter 13 days, the relative tumor volume in the elliptical drug-
loading system was reduced to 0.023, indicating that the el-
liptical carrier materials are efficiently internalized by tu-
mor cells and exhibit favorable pharmacokinetic properties,

thus demonstrating a robust tumor inhibitory effect.

Figure 8c presents histological analyses of the
heart, spleen, and lung tissues in both the PBS control and
experimental groups under magnetic targeting administra-
tion. No lesions were observed in either group. In cardiac
tissue sections, the myocardial fibers were smooth and regu-
larly arranged, with nuclei centrally located within the cells.
In spleen tissue, the red pulp appeared as a purple-red area,
while the white pulp was distributed as blue dots, with loose
lymphoid tissue situated between the red and white pulp. In
lung tissue sections, muscle fibers ringed the alveolar open-
ings. The histological sections of these three internal organs
were all in a normal state, confirming that the synthesized el-
liptical nano-drug delivery systems effectively inhibit liver
cancer cells without causing damage to other tissues or or-
gans. Notably, the slender morphology of the elliptical
drug-loading system significantly reduces non-specific cellu-

lar uptake, enhancing its selectivity and safety.

To explore the in vivo distribution of magnetic
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nanoparticles across various tissues, SMMC-7721 tu-
mor-bearing mice were utilized as the animal model. HM-
NPs-Cq,-N-GQDs-SS-PEI nanoparticles, labeled with N-
GQDs fluorescence, were administered intravenously to the
mice. Subsequently, fluorescence imaging techniques were
employed to investigate the distribution and dynamic
changes of these nanoparticles within the biological system.
The IVIS Spectrum fluorescence imaging system was select-
ed for this purpose, with carefully calibrated excitation wave-
lengths and fluorescence detection filters to capture and
quantitatively analyze the distribution of fluorescently la-
beled N-GQDs in the mice. Simultaneously, an external
magnetic field was applied to guide the accumulation of
magnetic nanoparticles in the tumor region, leveraging the
fluorescence properties of N-GQDs for real-time monitor-
ing of material distribution within the mice. Adjustments to
the intensity and direction of the magnetic field were made
to optimize nanoparticle targeting. Sixty minutes post-injec-
tion, the mice were euthanized, and fluorescence imaging
analysis was performed on blood, spleen, pancreas, small in-
testine, large intestine, kidneys, liver, brain, muscle, heart,
lungs, stomach, and bones. During imaging, equipment sett-
ings were fine-tuned to accurately distinguish fluorescence
signals in target tissues. Continuous image acquisition re-
corded fluorescence intensity and quantitative distribution
data of the materials in various tissues and organs. Precise
control of the external magnetic field parameters optimized
treatment timing and dosage, maximizing local drug con-
centration within tumors while minimizing off-target ef-
fects. Real-time monitoring of treatment efficacy and timely
adjustment of treatment strategies enhanced the perfor-
mance of magnetic targeting therapy, improving treatment

precision and efficacy.

Table 2: Biological distribution of nano magnetic particles in mice (%ID/g)

viscera 15 min 30 min 60 min 120 min 180 min
Blood 1.5674 1.2839 1.5189 2.9109 2.0982
spleen 1.0683 1.3758 2.5362 2.4064 2.3978
pancreas 0.4783 0.6738 0.7583 0.9208 0.7297
small intestine 1.0536 1.1435 1.5839 2.2674 1.5839
large intestine 0.6738 0.9028 1.2028 1.7023 1.5378

kidney 16.2450 27.4199 33.4027 86.5038 107.4389
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liver 33.4673 43.7843 89.2898 121.1930 69.3748
brain 0.0589 0.0528 0.7989 0.1178 0.1327
muscle 0.3782 0.4078 0.4254 0.6023 0.5024
heart 1.5089 1.4635 2.5784 2.0590 1.6702
lung 0.3328 0.4289 0.3378 0.5628 0.4536
stomach 1.0637 1.3028 2.4903 2.4208 2.4263
bone 0.4278 0.5529 0.8278 0.9036 0.8256

As presented in Table 2, the distribution of nano-
magnetic particles (%ID) demonstrated high accumulation
in the liver (121.1930% ID/g) and kidneys (86.5038% ID/g)
at 120 minutes post-injection. In contrast, minimal aggrega-
tion was observed in other organs, indicating efficient liver
targeting performance of HMNPs-C,-N-GQDs-SS-PEI
nanoparticles. Furthermore, these materials facilitated renal
clearance via urine excretion, posing minimal risk of ad-
verse effects on normal tissues and significantly reducing

systemic side effects in biological systems.

Conclusion

This paper systematically investigates the impact
of nano-drug carrier morphology on cellular uptake, bio-
compatibility, drug loading capacity, cumulative sustained
release duration, and responsiveness to endogenous stimuli
within the tumor microenvironment. Elliptical magnetic
mesoporous silica was selected as the matrix material and
subsequently surface-modified with Cy,, N-GQDs, and PEI
to enhance drug loading efficiency. The incorporation of di-
sulfide bonds (-SS-) enabled the carrier to specifically re-
spond to glutathione (GSH) in tumor cells. A multifunction-
al magnetic fluorescent nano-drug delivery system, elliptical
HMNPs-C,,-N-GQDs-SS-PEI, was developed, integrating
diagnostic and therapeutic capabilities. This system exhibits
superior fluorescence and magnetic properties. Using gam-
bogic acid (GA) as a model drug, the cumulative sustained
release rate of elliptical HMNPs-C,,-N-GQDs-SS-PEI
reached 47.58% under conditions of pH 5.7 and the pres-
ence of GSH. Cytotoxicity assays and confocal microscopy
imaging confirmed that the elliptical drug-loaded systems

exhibit low cytotoxicity and can effectively penetrate the cy-

JScholar Publishers

toplasm and nucleus of SMMC-7721 cells via endocytosis.
In vitro anti-tumor experiments further demonstrated that
elliptical HMNPs-Cg,-N-GQDs-SS-PEI exerted significant
inhibitory effects on tumor cells, underscoring its potential

for targeted cancer therapy.
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