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ABSTRACT: In this study, the mesoporous Fe3O4 nanodrug carriers containing
disulfide bonds (CHO-SMNPs) were successfully synthesized and characterized.
Doxorubicin (DOX) was loaded onto the CHO-SMNPs as a model drug and
gatekeeper through the formation of imine bonds with the aldehyde groups on the
surface of the mesoporous materials. This drug carrier demonstrates effective drug
release triggered by pH, glutathione (GSH), and near-infrared (NIR) light, along
with satisfactory photothermal conversion efficiency under NIR irradiation at 808
nm. Furthermore, CHO-SMNPs exhibit excellent blood compatibility and
biodegradability. They also show good biocompatibility and efficient cellular uptake
in HeLa and MCF-7 cancer cells. Most importantly, the CHO-SMNPs/DOX has
shown significant effectiveness in killing both HeLa and MCF-7 cancer cells.
Consequently, CHO-SMNPs/DOX presents substantial potential as a magnetic-
targeted, pH/GSH/NIR triple-triggered drug delivery system for synergistic chemo-
photothermal therapy in tumor treatment.

1. INTRODUCTION
Over the past decade, the incidence of tumors has steadily
increased, presenting a significant threat to human health and
well-being.1 Chemotherapy remains the primary treatment
approach for cancer; however, its effectiveness is often
hindered by substantial side effects. Key challenges include
the poor water solubility of many anticancer drugs, limited
circulation time in the bloodstream, severe adverse reactions, a
lack of treatment selectivity, and insufficient tissue penetra-
tion.2−4 These issues underscore the need for innovative
strategies to enhance the efficacy and safety of cancer therapies.
In recent years, the development of multifunctional

nanodrug carriers has become an effective and popular
strategy5,6 for overcoming the challenges of nonselective drug
delivery, low cellular uptake efficiency, and the side effects of
traditional chemotherapy. Among these carriers, carbon-based
nanomaterials have emerged as a promising platform for
theranostics.7 Additionally, mesoporous silicon nanoparticles
(MSNs) are notable for their distinctive advantages.8 MSNs
can adopt various shapes, feature adjustable pore sizes, possess
a large specific surface area, allow for easy surface modification,
and exhibit excellent biocompatibility.9−13 As a result, MSNs
have emerged as promising candidates for diverse applications,
including molecular imaging,14 catalysis,15 separation,16 and
drug delivery.17,18 However, despite these benefits, MSNs face
significant challenges related to poor degradability and the lack
of targeted drug delivery capabilities.19,20 To address these
limitations, researchers are exploring hybrid silica carriers

incorporating S−S bonds within the Si−O−Si framework. This
approach enables rapid redox-responsive biodegradation and
enhances controlled release performance, paving the way for
more effective and safer cancer treatments.21,22

To achieve controllable drug release, “smart” nanoparticles
offer innovative possibilities for cancer therapy. Among these,
pH-responsive gated nanomaterial carriers are particularly
effective in providing regulated drug delivery.23−25 However,
the integration of auxiliary capping agents, such as ZnO and
Ca3(PO4)2, is often necessary in the current systems of pH-
responsive and gated mesoporous silica nanoparticles.26−28

Despite their utility, the potential risks associated with these
“gatekeepers” have not been thoroughly evaluated. Moreover,
drug carriers frequently face premature release of their
therapeutic agents before reaching the tumor site, which can
inadvertently damage healthy tissues.29 Consequently, it is
crucial to consider both the potential hazards posed by gating
materials and the need to minimize drug release before arrival
at the tumor. Thus, our approach to designing drug-carrying
systems focuses not only on mitigating risks but also on
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optimizing delivery to ensure that drugs remain effective and
targeted.
Photothermal therapy (PTT) has emerged as a promising

cancer treatment method, offering several advantages, such as
minimal tissue invasion, high selectivity, and effective treat-
ment with limited damage to surrounding healthy tissue.30,31

Magnetic nanomaterials have attracted considerable interest in
the biomedical field due to their superparamagnetic properties,
excellent biocompatibility, and biodegradability.32 For exam-
ple, Fe3O4 nanomaterials demonstrate strong absorption of
near-infrared (NIR) light and can facilitate photothermal
conversion for effective cancer treatment.33 Building on this,
we propose utilizing mesoporous silicon nanoparticles coated
with disulfide bonds to encase Fe3O4 nanomaterials, serving as
a drug carrier. This approach aims to provide biodegradability,
targeting capabilities, and the benefits of photothermal therapy.
Additionally, doxorubicin (DOX) will be employed as a model
drug and gatekeeper to enable controlled release of therapeutic
agents, enhancing the treatment’s efficacy while minimizing
side effects.
In this study, we successfully synthesized a disulfide bond-

doped mesoporous Fe3O4 nanodrug carrier, termed CHO-
SMNPs, which responds to pH, glutathione (GSH), and near-
infrared (NIR) light. This carrier demonstrates excellent drug
loading capacity, stability, photothermal conversion efficiency,
biocompatibility, and biodegradability while minimizing the
side effects associated with premature drug release (Scheme 1).
The synthesis began with the preparation of mesoporous silica-
coated Fe3O4 nanomaterials (SMNPs) embedded with
disulfide bonds, which were later functionalized with aldehyde
groups. To showcase the functionality of our carrier, we
selected DOX as a model drug. DOX, which contains amino
groups, acts as a gatekeeper by forming imine bonds with the
aldehyde groups on the carrier. This allows for the selective
release of DOX under the weakly acidic conditions typical of
tumor tissues, due to pH-induced imidohydrolysis. Further-

more, the CHO-SMNPs demonstrated sensitivity to the
reducing agent glutathione (GSH), enabling the breakdown
of disulfide bonds and subsequent drug release at high GSH
concentrations (10 mM). Additionally, exposure to NIR light
(808 nm) induced a photothermal effect that enhanced drug
release and provided therapeutic benefits. Comprehensive in
vitro loading and release tests, along with assessments of
antitumor efficacy and biosafety, were conducted. These
findings indicate that CHO-SMNPs/DOX holds promise as
an advanced, targeted drug delivery system for synergistic
chemo-photothermal therapy in tumor treatment.

2. MATERIALS AND METHODS
2.1. Materials and Instruments. Ferric chloride hexahy-

drate (FeCl3·6H2O), sodium salicylate (NaSal), and Bis[3-
(triethoxysilyl)propyl] tetrasulfide (BTESPTs) were purchased
from Bailingway Technology Co. Ltd. Sodium acetate
anhydrous (NaOAc), trisodium citrate, tetraethyl silicate
(TEOs), ethylene glycol (EG), (3-aminopropyl)triethoxysilane
(APTEs), dimethyl sulfoxide (DMSO), N-hydroxysuccinimide
(NHS), 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hy-
drochloride (EDC), doxorubicin hydrochloride (DOX·HCl),
cetyltrimethylammonium bromide (CTAB) were purchased
from Shanghai Aladdin Reagent Co., Ltd. Calcein acetox-
ymethyl ester (calcein-AM), 4′,6-diamidino-2-phenylindole
(DAPI) and propidium iodide (PI) were obtained from Boster
Biological Technology Co. Ltd. Other chemicals were
purchased from Tianjin Damao Chemical Reagent Co. Ltd.
Cell Counting Kit-8 (CCK-8) was provided by Beyotiome
Biotechnology Co. Ltd.
TEM images were captured using a JEM-2100 transmission

electron microscope (Tokyo, Japan). UV−vis spectra measure-
ments were carried out on a UH5300 UV−vis spectropho-
tometer (Tokyo, Japan). Fourier transform infrared (FTIR)
spectroscopy was measured on a BRUKER FTIR spectrometer
(Bruker, Germany). X-ray diffraction (XRD) patterns were

Scheme 1. Synthesis of pH/GSH/NIR Triple-Triggered Drug Carrier and Drug Release
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obtained using a diffractometer (PANALY) with Cu−Kα
radiation (λ= 1.5405 Å) and the powder samples were scanned
in the 2θ angle range from 10° to 80°. Nitrogen sorption
instrument (Bester Beijing Instrument Company, 3H-
2000PS2, China) was used to detect the Brunauer-Emmet-
Teller (BET) specific surface area. The magnetic properties
were measured using a SQUID vibrating sample magnetometer
(VSM) (Quantum Design). The magnetization curves were
recorded at 300 K with a magnetic field cycled between
−20,000 and 20,000 G. Fluorescence images were captured
using a Nikon Eclipse Ti2 inverted fluorescence microscope
(Tokyo, Japan).

2.2. Preparation of MNPs and SMNPs. Fe3O4 nano-
particles (MNPs) were prepared via the solvothermal method

as described with slight modifications.38 SMNPs were
synthesized using the reported method.34 The full protocol is
detailed in the Supporting Information.

2.3. Preparation of CHO-SMNPs. To prepare NH2−
SMNPs, 120 mg of SMNPs were dissolved in 20 mL of toluene
and agitated at 30 °C for 1 h. Then, 200 μL of APTEs was
added dropwise, and the mixture was refluxed for 24 h to
functionalize the SMNPs with amino groups. The product
NH2−SMNPs was separated by hysteresis and washed three
times with ethanol.
For CHO-SMNPs, 0.60 g of NH2−SMNPs and 30 mg of 4-

formylbenzoic acid were dissolved in a 20 mL solution of
deionized water and DMSO (4:1 v/v). After adding 46 mg of
EDC and 27.6 mg of NHS to activate the carboxyl groups, the

Figure 1. TEM images of the (a) SMNPs, (b) CHO-SMNPs, and (c) CHO-SMNPs/DOX; (d) FTIR spectra of MNPs, SMNPs, CHO-SMNPs,
and CHO-SMNPs/DOX; (e) X-ray diffraction patterns of CHO-SMNPs and CHO-SMNPs/DOX; (f) The Raman spectra of CHO-SMNPs; (g)
The EDS spectra of CHO-SMNPs; (h) Mapping images of CHO-SMNPs; (i) The UV−vis absorption spectrum for DOX, CHO-SMNPs and
CHO-SMNPs/DOX; (j) Nitrogen adsorption−desorption isotherm of CHO-SMNPs. Inset: the pore size distribution; (k) Magnetization curves of
MNPs, CHO-SMNPs and CHO-SMNPs/DOX.
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mixture was agitated for 24 h at room temperature. The
resulting product was separated by hysteresis, washed three
times with ethanol, and vacuum-dried at 30 °C for 24 h to
obtain CHO-SMNPs.

2.4. Drug Loading and Releasing Performance of
CHO-SMNPs. 2.4.1. DOX Standard Curve. Experimental
details are provided in the Supporting Information.

2.4.2. Preparation of CHO-SMNPs/DOX. 50 mg of CHO-
SMNPs and 25 mg of DOX were separately dispersed in 28
and 12 mL of DI water (pH 6.0) using ultrasound. The
suspensions were mixed and shaken at 200 rpm for 24 h at 37
°C in the dark. The resulting CHO-SMNPs/DOX product was
collected via centrifugation, and the supernatant was analyzed
with a UV−vis spectrophotometer at 480 nm to determine
drug encapsulation efficiency. Subsequently, the product was
capped with DOX through a reversible covalent benzoic-imine
linkage at pH 8.5. After additional centrifugation and three
washes with DI water, the final product was freeze-dried for 24
h and designated as CHO-SMNPs/DOX.

2.4.3. Drug Releasing Performance of DOX on CHO-
SMNPs. In the drug release experiment, 10 mg of CHO-
SMNPs/DOX was dispersed in 25 mL of PBS and divided into
five groups: (1) pH 7.4 & GSH 0 mM; (2) pH 5.5 & GSH 0
mM; (3) pH 7.4 & GSH 10 mM; (4) pH 5.5 & GSH 5 mM;
and (5) pH 5.5 & GSH 10 mM. The samples were shaken at
200 rpm and 37 °C in the dark. At regular intervals,
supernatants were collected after centrifugation, and DOX
concentrations were determined by measuring absorbance at
480 nm using a DOX standard curve. Additionally, to assess
the effect of NIR on DOX release, one group was irradiated
with NIR (808 nm, 2.0 W/cm2) for 5 min at various time
points, while the other served as a control without NIR
exposure.

2.5. The Photothermal Conversion Efficiency of CHO-
SMNPs. (1) CHO-SMNPs suspensions at concentrations of
0.1, 0.4, 0.8, and 1.0 mg/mL, along with PBS, were irradiated
with an NIR laser (808 nm, 2.0 W/cm2) for 0−5 min, and
infrared thermal images were captured. (2) A 1.0 mg/mL
CHO-SMNPs suspension was irradiated with an 808 nm laser
at varying power densities (0.5, 1.0, 1.5, 2.0 W/cm2) for 5 min.
(3) The 1.0 mg/mL CHO-SMNPs suspension underwent five
20 min laser on−off cycles at a power density of 2.0 W/cm2,
cooling to 28.5 °C between cycles. Temperature measurements
were taken every 30 s with an infrared thermal imager in a
controlled room temperature of 23 °C.

2.6. Antitumor Activity of CHO-SMNPs/DOX In Vitro.
2.6.1. Cytotoxicity In Vitro. Cell viability was assessed using
the Cell Counting Kit-8 (CCK-8). MCF-7, HeLa, and
HUVEC cells (5 × 104 cells/well) were seeded in 96-well
plates and incubated for 24 h at 37 °C. The adhered cells were
then coincubated with NH2-MMNPs or oMMNPs/DOX at
concentrations of 1, 5, 10, 30, 50, and 70 μg/mL (DOX
equivalent: 0.03−0.20 μg/mL). Cells were irradiated with NIR
(808 nm, 2.0 W/cm2) for 5 min and incubated at 37 °C for 20
h. After adding the CCK-8 reagent, the cells were incubated for
an additional 4 h, and absorbance was measured at 450 nm
using an enzyme-linked immunoassay instrument.

2.6.2. Apoptosis Assay. HeLa cells were treated to
investigate the effects of CHO-SMNPs and CHO-SMNPs/
DOX as a synergistic therapy. Nanoparticles at 30 μg/mL
(DOX concentration: 0.4 μg/mL) were applied to each
experimental group, while control groups were cultured in
PBS. The PTT and CT/PTT groups were coincubated for 6 h
and then subjected to 5 min of laser irradiation (808 nm, 2 W/
cm2). After staining all groups with calcein-AM and PI, cells
were incubated in the dark for 30 min and observed under a
fluorescent microscope before imaging.

Figure 2. (a) Temperature change curves; (b) The corresponding infrared thermal images of CHO-SMNPs solutions with different concentrations;
(c) Temperature-increase curve of CHO-SMNPs irradiated with different laser irradiation intensities (808 nm); (d) Temperature variation curve of
laser on/off cycles; (e, f) Calculation of photothermal conversion efficiency.
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2.6.3. Cellular Uptake. HeLa and MCF-7 cells were seeded
in a 96-well plate at a density of 5 × 104 cells per well and
incubated for 12 h. The medium was then replaced: the
experimental group received CHO-SMNPs/DOX, while the

control group was maintained in an untreated medium. After
another 12 h, DAPI staining was performed. The medium was
aspirated, and cells were washed three times with PBS. They
were fixed with 4% paraformaldehyde (PFA) for 2 h and

Figure 3. (a) The adsorption kinetics curve of DOX on CHO-SMNPs; (b) Line fittings of the dynamic model for Lagergren’s pseudo-first-order
and (c) Ho’s pseudo-second-order.

Figure 4. (a) The adsorption isotherm curve of DOX on CHO-SMNPs. Linear fitting graphs with the Langmuir adsorption isotherm model (b)
and Freundlich adsorption isotherm model (c).
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washed again three times with PBS. Cells were then treated
with Triton X-100 for 20 min, washed three times with PBS,
and stained with 1% DAPI for 20 min followed by three PBS
washes. Imaging was performed using confocal laser scanning
microscopy (CLSM), and the cellular uptake of CHO-
SMNPs/DOX was assessed via flow cytometry.

3. RESULTS AND DISCUSSION
3.1. Characterization of the CHO-SMNPs and CHO-

SMNPs/DOX. Figure 1a−c presents the transmission electron

microscopy (TEM) images of SMNPs, CHO-SMNPs, and
CHO-SMNPs/DOX, as well as the particle size distributions of
CHO-SMNPs (Figure S1). The TEM images reveal that the
SMNPs and CHO-SMNPs exhibit a uniform spherical shape
with visible dendritic pores, indicating good dispersion. The

silicon dioxide layer on the nanoparticles has a thickness of
approximately 20 nm (Figure 1a,b). Compared to the
unmodified magnetic nanomaterials previously reported by
Qi et al.,35 the dispersion of Fe3O4 in the CHO-SMNPs is
significantly improved. Following successful drug loading, the
pore structures become less distinct (Figure 1b), confirming
the successful loading of the drug DOX onto the nanomateri-
als. The CHO-SMNPs sample displays uniform spherical
particles with a size of 210 nm with a polymer dispersity Index
of 0.142 (Figure 1c), indicating good dispersion.
As shown in the FTIR spectra in Figure 1d, it can be seen

that 592 cm−1 is the stretching vibration peak of the Fe−O
bond, which is the characteristic absorption peak of Fe3O4.
After the functionalization of nanoparticles, the corresponding
peaks were also observed in infrared spectra. Among them, the
strong peak at 691 cm−1 belonged to the stretching vibration of
the C−S bond, and the Si−O−Si stretching vibration peak was
at 1082 cm−1,36−38 which indicates that SiO2 containing −S-S-
successfully coated Fe3O4. Also, the broad absorption peak at
3432 cm−1 corresponds to the stretching vibration peak of O−
H or N−H, and the stretching vibration peak of C−H is 2928
cm−1, which indicates that amino groups have been
successfully introduced into the surface of the material. In
addition, the stretching vibration peak of the benzaldehyde
C�O bond is at 1721 cm−1, which indicates that the aldehyde
group is successfully introduced on the surface of the material.
Figure 1e shows XRD patterns of CHO-SMNPs and CHO-
SMNPs/DOX samples. Both samples show sharp diffraction
peaks at 2θ = 30.6°, 35.99°, 43.71°, 57.71° and 63.28°, which
are assigned to the (220), (311), (400), (511), and (440)
crystal planes, respectively, of Fe3O4 according to standard
card JCPDS NO. 85-1436. A prominent peak at 23° is

Figure 5. (a) Release profiles of CHO-SMNPs/DOX in PBS buffer of different pH and GSH; (b) The cumulative release of CHO-SMNPs/DOX
in PBS buffer of pH = 5.5 and GSH = 5.0, 10 mM and pH = 5.5 and GSH = 10 mM + NIR.

Figure 6. Cell viabilities of HUVEC (a), HeLa (b), and MCF-7 (c) cells incubated with varied concentrations (1−70 μg/mL) of CHO-SMNPs or
CHO-SMNPs/DOX (the equivalent DOX concentration is 0.1 to 0.9 μg/mL) with or without laser irradiation.***p < 0.001.

Figure 7. Fluorescence images of calcein-AM and PI colabeled HeLa
cells after varied treatments (scale bar, 100 μm).
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observed in the XRD patterns of both samples, which is
attributed to the SiO2 shell that is coated on the Fe3O4
nanoparticles. As shown in Figure 1f, the Raman spectrum of
CHO-SMNP carriers exhibits a stretching vibration peak at
623.71 cm−1, which confirms the presence of S−S bonds.21
Additionally, the EDS spectrum and mapping images (Figure
1g,h) reveal the presence of Fe, Si, O, C, N, and S elements in
the CHO-SMNPs. Additionally, the EDS data suggests
approximately 6.19% sulfur doping in the nanoparticles.
In addition, after loading DOX into CHO-SMNPs, a

significant DOX absorption peak appeared at 480 nm (Figure
1i), indicating that DOX has been successfully loaded into the
particle structure.39 Furthermore, the pore size distribution and
surface area ratio of the CHO-SMNP nanoparticles were
determined through analysis of the N2 adsorption curves
(Figure 1j). The results demonstrated a type IV isotherm,
confirming a homogeneous and narrow mesoporous size
distribution. The surface area was measured to be 718.27
m2/g, with an average mesopore diameter of 2.42 nm. Figure
1k depicts the magnetization characterization of MNPs, CHO-
SMNPs, and CHO-SMNPs/DOX at room temperature. The
saturation magnetizations (Ms) of MNPs, CHO-SMNPs, and
CHO-SMNPs/DOX are approximately 61.09, 43.49, and 25.03
emu/g, respectively, which confirms potential use as a
magnetically targeted drug.

3.2. The Photothermal Conversion Efficiency of CHO-
SMNPs. The concentration-dependent photothermal effect
and stability of CHO-SMNPs were investigated using an
infrared thermal imaging system. Temperature changes of the
solutions were recorded under near-infrared irradiation (NIR)

with a wavelength of 808 nm. First, as illustrated in Figure 2a,
the CHO-SMNPs solutions with various concentrations (0
mg/mL to 1.0 mg/mL) were illuminated with an NIR laser
(2.0 W/cm2) for 5 min and the temperature heated from 27.7
to 64.7 °C. The results showed that the photothermal
conversion efficiency of the CHO-SMNPs increased with
increasing concentration. Infrared thermal images displayed in
Figure 2b corresponded to those shown in Figure 2a and
demonstrated the strong photothermal action of the material.
Furthermore, the photothermal conversion efficiency of CHO-
SMNPs was found to be dependent on the laser power
intensity, as shown in Figure 2c. When the NIR laser
irradiation intensity was increased from 0.5 W/cm2 to 2.0
W/cm2, the temperature of the CHO-SMNP solution at the
same concentration increased significantly from 32.5 to 64.7
°C. Further evidence of their exceptional photothermal
stability was demonstrated by the unaltered temperature
profiles in Figure 2d after undergoing five heating and cooling
cycles.40 The photothermal conversion efficiency was calcu-
lated to be 42.41% (Figure 2e,f). In contrast to mesoporous
bioglass nanoparticles based on carbon dots, CHO-SMNPs
exhibit superior NIR photothermal conversion performance,
exceeding the approximately 32.4% efficiency reported by
Singh et al.41 This enhancement broadens the potential
applications of CHO-SMNPs in photothermal therapy.

3.3. Blood Compatibility and Stability. The prerequisite
for preventing hemolysis of the nanodrug delivery carrier
during blood circulation following intravenous injection is
good blood compatibility. The results of the hemolysis test for
CHO-SMNPs and CHO-SMNPs/DOX are shown in Figure

Figure 8. Confocal laser scanning microscope (CLSM) of CHO-SMNPs/DOX incubated with HeLa (a) and MCF-7 (b) cells for 1 h, 2 and 4 h
(Scale bar, 100 μm). The uptake of CHO-SMNPs/DOX by HeLa (c) and MCF-7 cells (d) was detected by flow cytometry.
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S2. Comparing the CHO-SMNPs and CHO-SMNPs/DOX
group to the negative control group, the hemolysis percentages
(eq S1) and hemolysis images showed that, within a certain
concentration range (0.1−0.3 mg/mL), there was no obvious
hemolysis phenomenon. This indicated that our synthetic
CHO-SMNPs and CHO-SMNPs/DOX had excellent blood
compatibility and could ensure their safe delivery into the
body.

3.4. Drug Loading Efficiency of CHO-SMNPs. Figure S3
shows the UV−vis absorption spectrum of DOX. It is evident
from the figure that various DOX concentrations exhibit a
maximum absorption peak at 480 nm. Therefore, the 480 nm
ultraviolet wavelength was chosen to construct the standard
curve and assess its drug loading. Figure S4 displays the linear
equation of DOX, which is A = 0.01591x + 0.01814 (R2 =
0.99914), within the range of 5−55 μg/mL.
The nanomaterials were loaded with DOX through physical

adsorption and chemical covalent bonding. Figure 3a presents
the adsorption kinetics curve of DOX by CHO-SMNPs. The
figure clearly shows that the loading of the anticancer drug
DOX by the CHO-SMNPs nanomaterial can be divided into
three stages. Initially, during the first 60 min, DOX is rapidly
loaded by the nanomaterial. Subsequently, the loading rate
gradually slows down between 60 and 120 min. Finally, after 3
h, the drug loading reaches saturation (eq S2). In addition,
Lagergren’s pseudo-first-order kinetic model (eq S4) and Ho’s
pseudo-second-order kinetic model (eq S5) were used to
further study the adsorption mechanism. Figure 3b,c exhibits
the linear relationship obtained using the quasi-primary and
quasi-secondary kinetic equations, respectively. These relation-
ships portray the drug loading time (t) as the horizontal
coordinate and ln(qe-qt) and t/qt as the vertical coordinates.
The plots, in conjunction with Table S1, demonstrate that the
loading process of DOX by the CHO-SMNPs nanomaterial
involves both physical and chemical adsorption.
Whereafter, the adsorption isotherm of CHO-SMNPs for

DOX was investigated. As shown in Figure 4a, with the
increase in DOX concentration, the drug loading of DOX by
CHO-SMNPs gradually increased. At a concentration of 300
mg/L, the maximum DOX loading capacity was 567 mg/g (eq
S3). We measured the drug loading efficiency and
encapsulation efficiency as 54.32% and 88.02% by UV−Vis,
respectively (eqs S8 and S9). To analyze and discuss the drug
loading of CHO-SMNPs, the single-layer Langmuir (eq S6)
and multilayer Freundlich (eq S7) isothermal adsorption
models were employed, with Ce and ln Ce as the horizontal
coordinates and Ce/qe and ln qe as the vertical coordinates,
respectively. As depicted in Figure 4b,c and summarized in
Table S2, Figure 4c provides a better reflection of the drug
loading mechanism of nanomaterials compared to Figure 4b.
Moreover, the correlation coefficient Rc2 (0.99923) for Figure
4c is higher than Rb2 (0.99368) in Figure 4b, which indicates
that the drug loading process of CHO-SMNPs for DOX aligns
more closely with the Freundlich adsorption model. Therefore,
it can be inferred that the primary driving force for drug
loading is multimolecular layer adsorption, in addition to
monolayer adsorption.
Given that the tumor cell microenvironment differs from

that of normal cells,18 the release behaviors of DOX from
CHO-SMNPs were investigated in different pH levels and
GHS concentrations (eq S10). The results presented in Figure
5 depict the kinetic release profiles of DOX from the CHO-
SMNPs/DOX when exposed to NIR (2.0 W/cm2) and GSH

concentrations of 0 mM, 5 mM, and 10 mM, in 0.1 M PBS at
different pH levels (5.5 and 7.4). It can be seen that the drug
release rate increases with the decrease in pH and the increase
in GHS concentration. Notably, at pH 5.5 with GSH 10 mM
(2.0 W/cm2), DOX release was observed to reach a cumulative
percentage of 84.25% after 8 h (Figure 5b). Conversely, under
the same conditions, DOX release was only 13.71% at pH 7.4
with GSH 0 mM (Figure 5a). These findings suggest that the
CHO-SMNPs/DOX nanoparticles exhibit a release behavior
that is sensitive to both pH and GSH. Compared with the
reported nanocarriers.42 This drug delivery system demon-
strates superior performance in both drug loading and release.
In addition, NIR also played a crucial role in drug release,
offering a promising approach for the cotreatment of tumors
through chemo-photothermal therapy.43

3.5. Antitumor Activity of CHO-SMNPs/DOX In Vitro.
3.5.1. Cytotoxicity Test. To demonstrate that the CHO-
SMNPs were advantageous, we adopted the Cell Counting Kit-
8 (CCK-8) assay to compare the toxic effects of CHO-SMNPs
and CHO-SMNPs/DOX on HUVEC cells (a), HeLa cells (b),
and MCF-7 cells (c) (Figure 6). It could be seen that the cell
survival rates of the CHO-SMNPs and CHO-SMNPs + NIR
groups alone were around 94%, indicating the high
biocompatibility and low cytotoxicity of CHO-SMNPs.
However, the cytotoxicity of both types of cancer cells
increased with the concentration of CHO-SMNPs/DOX and
displayed concentration-dependent behavior. At a concen-
tration of 10 μg/mL combined with NIR (2.0 W/cm2),
approximately 63.33% of HeLa cells and 60.33% of MCF-7
cells were found to have died after 24 h. These findings
indicate that CHO-SMNPs meet the requirements for drug
delivery systems and show potential for various applications.

3.5.2. Cell Apoptosis Assay. To examine the killing effects
of chemo-photothermal therapy in vitro, HeLa cancer cells
were incubated with CHO-SMNPs or CHO-SMNPs/DOX
(DOX concentration is 0.4 μg/mL) nanoparticles and
irradiated with an NIR laser. As shown in Figure 7, the use
of NIR (808 nm 2.0 W/cm2) to incubate CHO-SMNPs for 5
min resulted in the photothermal therapy (PTT) effect, leading
to the production of some dead cells. The combined effect of
chemotherapy (CT) and PTT in the CHO-SMNPs/DOX
group with laser irradiation showed the lowest cell survival
rate. These findings indicate that the synergistic effect of CT
and PTT significantly enhances the tumor cell-killing capability
of CHO-SMNPs/DOX.

3.5.3. Cellular Uptake. Finally, confocal laser scanning
microscopy (CLSM) was utilized to observe the uptake of
DOX-loaded CHO-SMNPs. As shown in Figure 8, upon
incubation with CHO-SMNPs/DOX for 1 h, a strong red
fluorescence indicative of DOX molecules was observed in the
nuclei of HeLa (a) and MCF-7 (b) cells. The number of cells
exhibiting this red fluorescence gradually increased over time,
and the intensity of the red fluorescence was high. These
observations suggest that the uptake of CHO-SMNPs/DOX
by cells increases with incubation time, demonstrating the
efficient delivery and release of DOX by CHO-SMNPs within
the cells. Additionally, the cellular uptake of CHO-SMNPs/
DOX was assessed using flow cytometry analysis (Figure 8c,d).
The results indicated that CHO-SMNPs/DOX was nearly
completely taken up by both types of cancer cells after 2 h,
corroborating the findings from CLSM images.
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4. CONCLUSIONS
In summary, the biodegradable disulfide bond doped
mesoporous magnetic nanomaterials (CHO-SMNPs) were
successfully synthesized. The resulting CHO-SMNPs/DOX
possesses the following advantages: (1) high loading efficiency
of DOX for chemotherapy; (2) pH/GSH/NIR triple-triggered
drug release; (3) excellent photothermal conversion efficiency
for photothermal therapy; (4) uniform sulfur doping combined
with a self-gating mechanism for DOX that minimizes burst
release; and (6) outstanding biocompatibility and stability. The
CHO-SMNPs/DOX nanodrugs have a strong antitumor
impact in the in vitro trials with HeLa and MCF-7 cells,
which is based on the synergistic effect of chemotherapy with
the medication DOX and photothermal therapy with the
CHO-SMNPs carrier. Future work will focus on more
extensive in vivo evaluations to set these outcomes. Therefore,
the synthesized CHO-SMNPs/DOX has the potential to be
utilized in clinical settings for cotherapy of photothermal
chemotherapy in the treatment of cancer. This advancement is
expected to result in more comprehensive cancer diagnoses
and improved treatment outcomes across various cancer types.
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