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Introduction: This study developed a pancreatic cancer targeted drug delivery system that responds to changes in acidity. The system 
was based on iron oxide core-shell magnetic mesoporous silica nanoparticles (M-MSNs) to treat pancreatic cancer through combined 
chemotherapy and starvation therapy.
Methods: Glucose oxidase (Gox) was coupled to the cancer cell surface to reduce glucose availability for cancer cells, exacerbating 
the heterogeneity of the tumor microenvironment. Reduced pH accelerated the depolymerization of pH-sensitive polydopamine 
(PDA), thereby controlling the spatial distribution of Gox and release of doxorubicin (DOX) within tumor cells.
Results: Characterization results showed the successful synthesis of DG@M-MSN-PDA-PEG-FA (DG@NPs) with a diameter of 
66.02 ± 3.6 nm. In vitro data indicated DG@NPs were highly effective and stable with good cellular uptake shown by confocal laser 
scanning microscopy (CLSM). DG@NPs exhibited high cytotoxicity and induced apoptosis. Additionally, in vivo experiments 
confirmed DG@NPs effectively inhibited tumor growth in nude mice with good biosafety. The combination of starvation therapy 
and chemotherapy facilitated drug release, suggesting DG@NPs as a novel drug delivery system for pancreatic cancer treatment.
Conclusion: This study successfully constructed a doxorubicin release system responsive to acidity changes for targeted delivery in 
pancreatic cancer, providing a new strategy for combination therapy.
Keywords: mesoporous silica nanoparticle, drug delivery, multitherapy modality, magnetic resonance imaging, glucose oxidase

Introduction
Pancreatic cancer is a deadly malignancy with a five-year survival rate below 10%, and its incidence and mortality are 
increasing globally.1,2 The main treatments for pancreatic cancer include surgical resection, radiotherapy and che-
motherapy, but the current methods are not ideal due to the characteristics of pancreatic cancer, such as difficulty in 
early diagnosis, robust tumor invasiveness, fast metastasis, and high multidrug resistance.2–4 Therefore, developing 
novel diagnostic and therapeutic strategies for pancreatic cancer is urgently needed. Drug delivery systems (DDSs) 
have demonstrated significant promise for tumor detection and therapy in recent years.5,6 DDSs can improve the 
solubility, stability and biodistribution of drugs and enhance their accumulation in and targeting to tumor tissues, 
thereby increasing the antitumor effect of the drug and reducing toxic side effects.5–8 As a result, various functiona-
lized nanocarriers have emerged, such as liposomes, mesoporous silica nanoparticles (MSNs) and metal organic 
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frameworks (MOFs).9,10 Nanocarriers are also increasingly being studied for drug and gene delivery in other cancers. 
For example, liposomes are biocompatible and can be used to deliver drugs and miRNAs to silence oncogenes, thereby 
inhibiting the development of pancreatic cancer.11–13 Polymeric nanoparticles such as polylactic acid-hydroxy acetic 
acid copolymers can passively aggregate in tumour tissues through the EPR effect to achieve targeted delivery of 
drugs.14 Metallic nanoparticles such as gold nanoparticles can be combined with photothermal conversion compounds 
to kill cancer cells using the thermal effect of near-infrared light irradiation.15,16 These representative nanocarriers 
bring new hope for the treatment of pancreatic cancer and other cancers. However, the problems of low drug loading 
and low targeting ability also exist, which need to be further optimized to improve the therapeutic efficacy. M-MSNs 
have drawn attention due to their great pore capacity, tunable pore size, high specific surface area, and superior 
biosafety. However, their potential clinical applications are limited due to premature drug release and the need for 
intelligent release of the load.17–21

“Gatekeepers” that respond to specific stimuli and intelligently control drug release could significantly improve the 
therapeutic efficacy of cancer drugs. Polydopamine (PDA) is a biomimetic polymer with good biocompatibility and 
photothermal conversion properties.22,23 PDA can release drugs in response to various mechanisms and can regulate the 
drug release rate according to the characteristics of the tumor microenvironment (pH, enzymes, redox, etc.) and improve the 
therapeutic efficacy and safety of the drug.24,25 As a result, PDA has received much attention as a “gatekeeper” in drug release. 
However, the tumor microenvironment makes achieving rapid drug release difficult, and the resistance of tumors to single 
drugs limits their therapeutic efficacy. Combining the characteristics of various treatment methods and materials chemistry, 
a synergistic treatment method that overcomes the disadvantages of monotherapy is proposed here. Doxorubicin (DOX) is 
a chemical drug widely used clinically with good antitumor activity against various tumor types. Glucose oxidase (Gox) has 
the ability to disrupt the supply of oxygen and glucose to tumors, thereby altering the pathological environment and enhancing 
the anticancer effects of chemotherapy drugs. Thus, Gox can be used as a synergistic agent with DOX for starvation- 
chemotherapy synergistic therapy.26–29 In addition, folate receptors (FRs) are considered a potential target for cancer 
therapeutics because they are overexpressed in many cancer cells.30–33 For example, SW1990 pancreatic cancer cells highly 
express FRs and could be the subject of research targeting pancreatic cancer.

Hence, we developed a stable shell-core structured drug delivery system for accurate cancer diagnosis and dual-mode 
therapy. PDA acts as a “gatekeeper” to control the intelligent release of drugs, and folic acid (FA) gives the system the 
ability to target FRs. In this study, Gox consumed glucose in tumor cells to produce glucuronic acid and H2O2, enabling 
starvation therapy while exacerbating the hypoxic state of the tumor and reducing the metabolism and excretion of DOX, 
ultimately allowing DOX to exert its antitumor effects more effectively. The H2O2 produced by Gox can also induce 
oxidative stress and apoptosis in tumor cells, enhance the killing effect of DOX, and realizing synergistic pancreatic 
cancer treatment. In addition, superparamagnetic Fe3O4 enhances the T2-weighted MRI ability of the nanoparticles, thus 
achieving accurate tumor diagnosis. In summary, this system provides an interesting mode for the accurate diagnosis and 
effective dual-modal treatment of cancer.

Materials and Methods
Materials
All reagents listed below were of analytical grade and used without further purification. Cetyltrimethylammonium 
bromide (CTAB), iron (III) acetylacetonate (Fe(acac)3), zinc acetylacetonate (Zn(acac)3), tetraethyl orthosilicate 
(TEOS), N-hydroxy succinimide (NHS), and N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide (EDC) were purchased 
from Aladdin Co. (Shanghai, China). An apoptosis assay kit was purchased from KGI Bio (Jiangsu, China).

The cell lines used in this study were obtained from Haixing Biosciences Limited Company. Their procurement and 
use complied with ethical regulations.

Synthesis of Fe3O4 Nanoparticles
First, 1.94 g of Fe(acac)3, 0.22 g of Zn(acac)3, 7.4 g of oleic acid and 1.15 g of sodium oleate were accurately weighed 
and placed into a 250 mL three-necked flask. Next, 1.1 g of 1-octadecene, 52 mL of benzyl diethyl ether, and 11 g of 
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1-tetradecene were added. Argon was injected, and the temperature was raised to 300 °C at a rate of 3 °C/min for 1 
h. The particles were washed three times with 10 mL of n-hexane, ultrasonicated, and redispersed. The particles were 
mixed with 10 mL of anhydrous ethanol and centrifuged for 15 min at 10,000 rpm, and the supernatant was discarded. 
The final product was stored in n-hexane.

Synthesis of M-MSN-NH2 Nanoparticles
CTAB (1.2 g) was dispersed in 60 mL of deionized water, followed by the addition of 6 mL (5 mg/mL) of well-dispersed 
Fe3O4 nanosolution. The resulting mixture was sonicated at 80 °C for 1 h. The reaction was continued by adding 2.7 mL 
of TEOS dropwise and heating the mixture at 80 °C for 4 h at 600 rpm. M-MSNs were heated to reflux three times for 6 
h in 100 mL of NaCl-methanol solution (1.25 wt.% NaCl) to obtain M-MSNs. Then, 250 mg of M-MSN was mixed with 
1.2 mL of APTES, and the mixture was placed in 50 mL of anhydrous toluene to reflux for 24 h. Afterward, the mixture 
was centrifuged at 12,000 rpm for 15 min to collect M-MSN-NH2.

Synthesis of DG@M-MSNs
Fifty milligrams of M-MSN-NH2, 10 mg of DOX, and 10 mL of ultrapure water were weighed into a 25 mL flask, and 
the mixture was stirred for 24 h to obtain nanoparticles loaded with DOX (DOX@M-MSNs-NH2). EDC-HCl (80 mg), 
NHS (120 mg), and Gox (15 mg) were added to a 25 mL flask for 30 min of activation, then 12 mL of deionized water 
was added, and the mixture stirred for 8 h. Finally, 50 mg of DOX@M-MSNs-NH2 was added. Then, the reaction was 
continued on a shaker for 2 h to obtain the product DG@M-MSNs.

Synthesis of DG@NPs
Fifty milligrams of DG@M-MSNs was dispersed in 10 mL of Tris buffer solution (10 mM, pH = 8.5), and 5 mg of 
dopamine hydrochloride was added. Under dark conditions at 300 rpm, the mixture was reacted for 3 h to obtain PDA 
surface-modified MSNs (DG@M-MSNs-PDA). Fifty milligrams of DG@M-MSNs-PDA was redispersed in 10 mL of 
sodium bicarbonate aqueous solution (pH = 7). Then, 1 mg of tris(2-carboxyethyl) phosphine and 5 mg of thiol- 
polyethylene glycol-folic acid (M = 2000) were added. Under dark conditions at 300 rpm, the mixture was reacted for 
3 h to obtain folic acid-modified MSNs (DG@NPs).

Characterization
Transmission electron microscopy (TEM, FEI Talos F200x, USA) was utilized to characterize the morphology and 
structure of the nanoparticles at the microscopic level and to analyze the elemental distribution. The hysteresis loops of 
the nanoparticles were detected using a vibrating magnetometer (VSM, Lakeshore 7404, USA). A Fourier transform 
infrared (FTIR) spectrometer (6800 JASCO, Marseille, France) was used to analyze the characteristic absorption peaks of 
the nanoparticles. A laser particle size analyzer was used to detect the particle size, PDI and zeta potential of the 
nanoparticles. In addition, 3.0 T nuclear magnetic resonance instrument was used to verify the in vitro imaging 
performance of the nanoparticles.

Stability of and Drug Release from the Nanoparticles
To assess the stability of the DG@NPs, a 1 mg/mL dispersion of DG@NPs was prepared, and dynamic light scattering (DLS) 
measurements and polydispersity index (PDI) calculations were performed regularly (1, 7, 14, 21, and 28 days) (n=3).

To investigate the release efficiency of DOX in different pH environments, we added 5 mL (1 mg/mL) of DG@NPs to each 
of two dialysis bags with molecular weights ranging from 8.0 to 14 kDa, added the bags to PBS at pH 5.5 or 7.4, and stirred the 
solutions at 300 rpm. At 1, 2, 3, 4, 6, 8, 12, 24 and 48 h, we removed 3 mL of the solution and measured its absorbance at 233 
nm. To maintain the original solution volume, we added 3 mL of fresh PBS simultaneously during each sampling.

The rates of drug loading and encapsulation were calculated using the following equations.
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Biocompatibility
The cytotoxicity of the carriers was assessed with HPDE6C7 and SW1990 cells using the CCK-8 assay (6000 cells per 
well). Briefly, M-MSNs were then added at different concentrations (0, 5, 25, 50, 100, and 200 µg/mL) to the culture 
medium. After a 24 h incubation period, 10 µL of CCK-8 solution was added to the corresponding wells, and the cells 
were incubated for an additional 2 h. The absorbance of the resulting wells was then measured at a wavelength of 490 nm 
using a plate reader (SAFIRE2, TECAN, Menendorf, Switzerland). The in vivo biotoxicity of M-MSNs was determined 
using female BALB/c nude mice as model animals. All experiments were approved by the Animal Ethics Professional 
Committee of Qiqihar Medical University (QMU-AECC-2022-121). A high dose (50 mg/kg) of M-MSNs or saline was 
injected into the tail vein. Seven days later, the biochemical parameters of liver and kidney function was measured, the 
nude mice were sacrificed, and the organs were taken for histopathological examination.

In this study, a hemolytic assay method from the literature34,35 was used to assess the hemocompatibility of the material. 
First, erythrocytes were centrifuged at 20 °C and 2000 rpm for 10 min and washed three times with saline to obtain a purified 
erythrocyte suspension. Then, 2 mL of a suspension containing 4% v/v erythrocytes was mixed with 2 mL of M-MSN 
dispersion. Additionally, H2O and saline were added to erythrocyte suspensions as negative and positive controls, respectively. 
Next, all the mixes were incubated in a constant temperature incubator at 37 °C for 4 h and then centrifuged at 5000 rpm for 10 
min. Finally, the absorbance values of the supernatants were measured at 576 nm.

The hemolysis percentage was calculated as follows.

Cellular Uptake
First, SW1990 cells in the logarithmic growth phase were inoculated in confocal dishes and incubated for 24 h. Then 
DG@NPs, DG@M-MSN-PDA and PBS were added to the cells, respectively, and the cells were co-cultured for 4 hours. 
A group of SW1990 cells was designed as a FA closed group, and FA was added to the closed group for a total incubation 
time of 4 h before the addition of DG@NPs. The cells were fixed in 4% paraformaldehyde for 20 min, followed by 
incubation with a DAPI solution for an additional 10 min. Finally, the cellular uptake of the DG@NPs was observed 
under a confocal microscope.

In vitro Cytotoxicity
Cells in a 96-well plate were coincubated with free DOX (1.125, 2.5, 6.125, 12.5, or 25 µg/mL), DOX@NPs or 
DG@NPs. The number of nanoparticles used had an amount of DOX equivalent to that in the free DOX group. After 24 
h of incubation, 10 µL of CCK-8 reagent was added to each well for an additional one hour of incubation. Finally, the 
optical density at 450 nm was measured using a microplate reader. The following formula was used to calculate cell 
viability.

Cell Apoptosis
To investigate the impact of grafted FA nanoparticles on the apoptosis of pancreatic cancer cells, SW1990 cells were 
cultured in 6-well plates for 12 h. Subsequently, DG@M-MSNs-PDA and DG@NPs were introduced to each well for an 
additional 24 h of incubation. We also designed a FA intervention group where pancreatic cancer SW1990 cells were pre- 
treated with FA for 2h before DG@NPs were added and co-incubated with the cells. Pancreatic cancer SW1990 cells 
were collected, washed with PBS and resuspended in binding buffer, 5 μL of FITC-Annexin V solution was added and 
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mixed well, and then 5 μL of PI solution was added and incubated for 10 min under the influence of light, and apoptosis 
was detected by flow cytometry.

MR Imaging
To verify the MR imaging capability of the nanoparticles, solutions of different concentrations (0.05–0.5 mg/mL) were 
generated according to the Fe3+ content in the DG@NPs and placed in 5 mL centrifuge tubes for MR T2 imaging.

To validate the in vivo imaging capability of the nanoparticles, T2-weighted MRI was performed to verify the 
feasibility of using DG@NPs as in vivo MRI contrast agents. Tumor-bearing nude mice were anesthetized, and 100 µL 
of a DG@NPs dispersion was injected via the tail vein. Magnetic resonance images were acquired with a 3.0 T clinical 
magnetic resonance scanner at different times (1 h and 6 h) before and after injection to observe the changes in the T2 

signal in the tumor region of the nude mice.

In vivo Tumor Treatment
Tumor-bearing nude mice were divided into 4 groups (n = 5) and received injections of 100 µL of DG@NPs suspension 
via the tail vein every 2 days for a total of 15 days. During the treatment period, tumor volume and weight were measured 
once every 2 days to assess the rate of drug inhibition and toxic effects. At the end of the treatment cycle, the tumor and 
major organs were collected and weighed, and hematoxylin-eosin (H&E) staining and terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) were performed on the tumors and organs. The tumor volumes were 
calculated with the following formula.

Statistical Analysis
Data and statistical analysis were conducted using SPSS 20.0. Two-tailed Student’s t-test was utilized for data with 
a normal distribution, while repeated-measures ANOVA was used to compare groups. The mean and standard deviation 
are used to express the results. A P value less than 0.05 was considered to indicate statistical significance.

Results and Discussion
Characterization
A drug delivery system utilizing DG@NPs is proposed herein. The synthesis process and mechanism of action are 
as follows (Scheme 1). First, Fe3O4 nanonuclei with good magnetic properties and monodispersity were obtained 
by thermal decomposition. Then, a mesoporous silica nanoparticle shell layer was wrapped around the Fe3O4 

nanocore using the Stöber method to form a mesoporous material with high drug loading capacity and pH 
responsiveness. Next, the M-MSN surface was grafted with an amino group (M-MSN-NH2) mediated by 
APTES to enhance the hydrophilicity and biocompatibility. Next, DOX was loaded into the mesopores through 
electrostatic interactions. Gox was added to the M-MSN-NH2 surface through an amidation reaction. PDA was 
coated onto the surface of the M-MSNs to block the mesopores. Finally, folate-targeting polymer molecules were 
grafted onto the surface of PDA.

The TEM images of the Fe3O4 NPs, M-MSNs and DG@NPs are displayed in Figure 1A–C and Figure S1. 
Fe3O4 nanoparticles with a size of 11.16 ± 0.94 nm were prepared by the ferric oleate pyrolysis method,36,37 and 
well-dispersed M-MSNs with an average size of 59.55 ± 3.36 nm were prepared by the conventional Stöber 
method.35,38–40 As shown in Figure 1B–E, the DG@NPs were slightly larger (66.02 ± 3.6 nm) than the M-MSNs, 
which was due to the successful incorporation of PDA-PEG-FA on the M-MSN surface. The elemental content in 
the M-MSNs was then further analyzed using energy spectroscopy (Figure 1F), which allowed differentiation 
between the elements Fe, Si and O contained within the nanoparticles. Elemental mapping by high-angle annular 
dark field scanning (Figure 1G–K) provided more visual evidence of the core-shell structure and elemental 
distribution in the M-MSNs. From the X-ray diffraction data (Figure 2A), the characteristic diffraction peaks at 
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2θ = 30.1°, 35.5°, 43.1°, 53.4°, 57.0° and 62.6° were observed, corresponding to the (220), (311), (400), (422), 
(511) and (440) planes, respectively, which is consistent with the standard map of Fe3O4 nanoparticles (JCPDS. 
72–2303); these data demonstrate the successful preparation of Fe3O4 with a crystalline structure. The character-
istic peak of M-MSNs is between 15° and 30° and centered at 22°. This characteristic signal is attributed to 
amorphous silica. The DLS results showed that the average particle sizes of M-MSNs and DG@NPs were 134.9 
nm and 191.7 nm, respectively. The DLS measurements are larger than the TEM results, which is attributed to the 
hydration layer around the particle surface in aqueous solution.36,41,42 The particle size of the DG@NPs was 
larger than that of the M-MSNs, which might be due to the PDA coating. Moreover, The polydispersity index 
(PDI) of DG@NPs (0.31) was marginally lower than that of M-MSNs (0.36), implying that the PDA coating may 
have modestly improved the dispersion stability of DG@NPs (Figure 2B and C). According to the N2 adsorption- 
desorption isotherms, the M-MSNs had a typical MCM-41 structure with a BET surface area of 653.19 m2/g. 
From the BJH pore size distribution curves, it was observed that the average pore size in the M-MSNs was 5.00 
nm and the total pore volume was 1.36 cm3/g. For the DOX@M-MSNs, the above parameters were reduced to 
609.65 m2/g, 3.19 nm and 0.74 cm3/g, and those for the DG@M-MSNs were reduced to 429.86 m2/g, 2.86 nm and 
0.30 cm3/g, respectively (Figure 2D and E). This indicates the successful loading of Gox and DOX.

Based on the data in Figure 2F, the absorption peak at 575 cm−1 was ascribed to the Fe-O bond. Additionally, 
stretching vibrations at 1089 cm−1 and 781 cm−1 were observed, along with Si-O bending vibrations at 465 cm−1. 
These findings suggest that the Fe3O4 nanoparticles were effectively coated with mesoporous SiO2. Comparing 
Fe3O4-SiO2 and M-MSNs, it is clear that the stretching vibrations at 2924 cm−1 and 2852 cm−1 and the bending 
vibration at 1469 cm−1 of C-H disappeared due to the complete removal of the template agent CTAB by 
NaCl/CH3OH ion exchange. The appearance of an absorption peak at 1490 cm−1 originated from the C–N 
stretching vibration in M-MSN-NH2.30 In these spectra, the C-H stretching vibrations, NH2 variable angle 
vibrations, and benzene ring C=C skeleton vibrations at 2930 cm−1, 1651 cm−1, and 1558 cm−1 were from the 
PDA material, This may be due to the PDA being encapsulated on the nanoparticle surface. In order to further 
prove the PDA coating, we carried out UV spectral analysis. It was found (Figure S2) that the characteristic UV 

Scheme 1 Synthesis of DG@NPs and the mechanisms of diagnosis and treatment.
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absorption peak of PDA appeared at 290 nm, which supported the successful coating of PDA. Additionally, the 
presence of the C=O stretching vibration peak at 1692 cm−1 indicated that the target ligand FA was present on the 
DG@NPs.36 To confirm the successful preparation of DG@NPs, the magnetic saturation values of M-MSNs and 
DG@NPs were determined to be 1.31 and 1.03 emu/g (Figure 2G). This gradual decrease in magnetic saturation 
value is due to the successful encapsulation of PDA-PEG-FA. Zeta potential measurements (Figure 2I) showed 
that the M-MSN surface was negatively charged with a zeta potential of −26.23 mV. After APTES modification, 
the zeta potential shifted to 14.74 mV. The surfaces of DG@M-MSN-PDA and DG@NPs were slightly negatively 
charged with zeta potentials of −14.24 mV and −4.92 mV, respectively. These results suggest that APTES 
modification and SH-PEG-FA coupling can effectively alter the surface charge properties of M-MSNs. In 
summary, this evidence clearly and effectively demonstrated that folate-modified nanoparticles were successfully 
prepared.

Stability of the DG@NPs and in vitro Drug Release
To evaluate the stability of the synthesized DG@NPs, changes in particle size and PDI were observed and 
recorded in Figure 2J. The results indicate that the nanoparticles remained stable even after being stored in PBS 

Figure 1 TEM images of Fe3O4 NPs (A), M-MSNs (B) and DG@NPs (C). TEM dark field images of M-MSNs (D) and DG@NPs (E). (F) EDS spectrum of M-MSNs; (G–K) 
M-MSN HAADF-STEM image and elemental mapping.
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(pH 7.4) for 4 weeks. To determine the drug loading in DG@NPs, the mass loss between DOX@M-MSNs and 
DG@M-MSNs was analyzed using a thermogravimetric analyzer, which successfully determined a drug loading of 
12.65% for Gox (as shown in Figure 2H, Figure S3). The DOX drug loading (7.61%) was calculated using the 
UV‒vis adsorption peak intensity of DOX at 233 nm and the standard curve (Figure S4). The encapsulation rates 
(EE values) of the nanoparticles (38.05% for DOX and 42.17% for Gox) were calculated using the equation 
provided. In this study, the drug release from DG@NPs was examined using the dialysis method in PBS at 
different pH values. To simulate physiological conditions, the NPs were incubated at 37 °C with PBS at two pH 
values (7.4 and 5.5) representing normal blood and the lysosomal environment, respectively (Figure 2K). After 48 
h of incubation, 58.65% of the DOX was released at neutral pH (7.4), while the DOX release increased to 82.78% 
at pH 5.5. This may be related to the existence of pH-dependent drug release characteristics of DG@NPs. 
Considering that the intracellular microenvironment is acidic, this pH-responsive drug release characteristic 
may contribute to the intracellular release of the drug.

Biocompatibility and Biotoxicity
Safety and nontoxicity are prerequisites for applied drug delivery systems. As shown in Figure 3A, when the concentration of 
M-MSNs reached 200 µg/mL, the survival rates of SW1990 cells and HPDE6C7 cells exceeded 80%. During the in vivo 
experiments, we monitored the body weights of the nude mice in both the carrier and control groups. As shown in Figure 3B, 
no weight loss was observed, and there were no deaths among the mice. The hemolysis ratio in all experimental groups was 
found to be less than 5%, meeting the hemolysis criteria for biological materials, as shown in Figure 3C. Moreover, the 
biochemical parameters of liver and kidney function and echocardiograms of tumor-bearing nude mice did not indicate any 

Figure 2 (A) XRD patterns of Fe3O4 and M-MSNs. (B) Size distribution profiles of M-MSNs and DG@NPs. (C) PDIs of M-MSNs and DG@NPs. (D) N2 adsorption- 
desorption isotherms of M-MSNs, DOX@M-MSNs and DG@M-MSNs. (E) Pore size distributions of M-MSNs, DOX@M-MSNs and DG@M-MSNs. (F) FTIR spectra of 
various MSNs. (G) Hysteresis loops of M-MSNs and DG@NPs. (H) TGA curves corresponding to DOX@M-MSNs and DG@M-MSNs. (I) Zeta potential values of various 
MSNs (n=3). (J) Stability of the prepared DG@NPs. (K) Curve of in vitro DOX release from DG@NPs.
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organismal damage, as depicted in Figure 3D and E. Additionally, the H&E staining assay results revealed that the major 
organs of the M-MSN-treated nude mice did not exhibit any pathological changes, as shown in Figure 3F and Figure S5. These 
findings collectively suggest that M-MSNs are highly biocompatible.

Cellular Uptake
As shown in Figure 4, the intensity of the red fluorescence in cell after 4 h of incubation indicated successful uptake of 
the prepared nanoparticles by the tumor cells. The fluorescence intensity of the non-targeted group and the FA- 
intervention-targeted group was significantly lower than that of the targeted group. This result suggests the successful 
loading of FA, which effectively enhances the targeting of the nano drug-carrying platform.

In vitro Cytotoxicity
As shown in Figure 5A and B, with increasing DOX concentration, the abilities of the drugs to kill HPDE6C7 and 
SW1990 cells were enhanced. Among them, the cell mortality rate in the DG@NPs group was higher than that in the 
DOX@NPs group. This indicates that Gox amplified the antitumor effect of the chemotherapeutic drug DOX. In 
addition, we observed that there was no significant difference in cell mortality when HPDE6C7 cells were treated 

Figure 3 (A) Viability of SW1990 and HPDE6C7 cells after 24 h of treatment with M-MSNs. (B) the changes in nude mouse weight over one week (n = 5, ns: p>0.05). (C) 
The hemolytic efficiency of M-MSNs on erythrocytes. (D) Biochemical indicators of liver and kidney function (n = 5, ns: p>0.05). (E) Echocardiography of tumour-bearing 
nude mice. (F) H&E-stained images of organs dissected from the nude mice after treatment with 0.9% NaCl and M-MSNs (scale bars:50 µm).
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with free DOX and DOX@NPs. However, the mortality rate of SW1990 cells that highly express FR was significantly 
higher than that of HPDE6C7 cells at the same concentration. This indicates that the successful attachment of the 
targeting substance FA to the nanoparticles can enhance nanoparticle targeting and effectively promote the apoptosis of 
pancreatic cancer cells, thus enhancing the antitumor effect.

Cell Apoptosis
As shown in Figure 5C and D, the apoptotic rates of SW1990 cells treated with non-targeted (DG@M-MSN-PDA) and 
targeted group (DG@NPs) were (11.84 ± 0.42) % and (17.14 ± 0.47) %, respectively. The toxicity of targeted group was 
found to be significantly higher than that of non-targeted group, which was attributed to the active targeting properties of 
DG@NPs. The successful binding of the targeting substance FA to the nanoparticles enhanced nanoparticle targeting and 
improved the rate of pancreatic cancer cell apoptosis, which can strengthen the therapeutic effect of DOX.

MR Imaging Performance
The in vitro imaging performance of the DG@NPs is shown in Figure 6D and E. The T2-weighted MR signal decreased 
with increasing Fe3+ ion concentration. The in vivo images of the DG@NPs are shown in Figure 6A–C, where the T2 

signal intensity at the tumor site was significantly reduced after nanoparticle injection. The results obtained indicate that 
the NPs prepared in this study have the potential to serve as contrast agents for MRI of tumors.

In vivo Tumor Treatment
Considering the desirable therapeutic effect and remarkable cytotoxicity observed in vitro, we initiated a study to 
evaluate its potential as an antitumor agent in vivo (Figure 7A). During the whole treatment experiment, the nude 
mice in the DG@NPs group did not show any deaths related to drug administration, and the changes in body weight were 
within the normal fluctuation range (Figure 7C), which was not statistically different from that of the control group, and it 

Figure 4 Confocal laser scanning microscopy images of SW1990 cells following incubation with DG@NPs, DG@M-MSN-PDA, FA+DG@NPs and PBS. Red and blue 
represent DOX and DAPI fluorescence, respectively (scale bar: 20 µm).
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was initially suggested that the drug-carrying nano-systems might be biocompatible with experimental nude mice within 
the set dosage range. At the end of the treatment, we performed HE staining examination of the organs of the nude mice 
in the DG@NPs group (Figure S5), and the results showed that no obvious damage was observed in the major organs. To 
further evaluate the biocompatibility of DG@NPs, we examined the liver and kidney function indexes (Figure S6) after 
one week of the drug-loaded nanoparticles’ action, and the liver and kidney function indexes were also within the normal 
range. On the other hand, Figure 7D illustrates that the pace of tumor development in the PBS group showed no apparent 
inhibition. However, after 15 days of treatment, the pace of tumor development in the free DOX group and the 
DOX@NP group was somewhat inhibited, the tumor volume of the nude mice in the DG@NPs group was significantly 
reduced (Figure 7B), indicating that DG@NPs were the most effective treatment. The final tumor weights are presented 
in Figure 7E. The mean tumor weights were 0.29 g, 0.15 g, 0.22 g, and 0.11 g in the PBS, free DOX, DOX@NP, and 
DG@NPs groups, respectively, which corresponded with the trend of tumor volume growth. These findings confirmed 
that the DG@NPs had a more significant therapeutic effect than free DOX. Furthermore, Figure 7F shows that in the PBS 
group, the tumor tissue structure was normal, whereas in the free DOX, DOX@NPs, and DG@NPs groups, significantly 
increased areas of tumor necrosis were observed (as indicated by the arrows). In this study, it was found that the tumor 
tissue structure in the DG@NPs group was abnormal, with significantly more lamellar degenerative necrosis of the tumor 
cells than that in the PBS group and the free DOX group. This suggests that DG@NPs effectively kill cancer cells and 
can improve the efficacy of DOX when treating pancreatic cancer. The TUNEL assay further confirmed the pathological 
alteration observations and levels of the tumor cell apoptosis, indicating that DG@NPs have a strong toxic effect on 
pancreatic cancer cells and can induce apoptosis in vivo.

Figure 5 Relative viabilities of HPDE6C7 (A) and SW1990 (B) cells after incubation with free DOX, DOX@NPs and DG@NPs at different DOX concentrations. (C) Apoptosis 
of SW1990 cells induced by different pharmaceutical agents. (D) Bar graph summarizing the above total apoptosis rates (n=3; ****P < 0.0001, ***P < 0.001, ns: P >0.05).
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Conclusion
In this study, pH-responsive DG@NPs were successfully developed to enhance the efficacy of DOX in the treatment of 
pancreatic cancer. The material was analyzed using various tools, including transmission electron microscopy, thermo-
gravimetric analysis, nitrogen adsorption-desorption isotherms, and laser confocal microscopy. The results from the 
CCK-8 and H&E staining experiments indicated that the DG@NPs exhibited no apparent toxicity in both in vivo and 
in vitro, demonstrating their excellent biocompatibility. Studies performed in vivo and in vitro proved that the DG@NPs 
effectively inhibited pancreatic cancer cell growth and had good biosafety, making them a promising candidate for tumor 
diagnosis and treatment. Overall, DG@NPs provide a novel approach to detect and treat cancer.

Data Sharing Statement
The data and materials in the current study are available from the first author upon reasonable request.

Ethics Approval
This experiment was performed according to the protocol approved by the Animal Ethics Committee of Qiqihar Medical 
University (QMU-AECC-2022-121). In this study, we adhered to the ARRIVE guidelines and strictly followed the 

Figure 6 T2-weighted magnetic resonance imaging (A), pseudo-color images (B) and signal intensity changes at tumour sites (C) at different times in vivo in tumor-bearing nude 
mice; in vitro magnetic resonance imaging (D) with different concentrations of DG@NPs and their signal intensity changes (E); (****P < 0.0001, ***P < 0.001, **P < 0.01).
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Regulations of the People’s Republic of China on the Administration of Laboratory Animals and its guiding principles 
for animal experiments. Our approach fully respected the lives of laboratory animals and aimed to minimize their 
suffering.
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Figure 7 (A) Trial design for testing DOX/Gox combination efficacy on pancreatic cancer subcutaneous tumor model. (B) Tumor treatment effect graph. (C) Changes in 
the body weights of the nude mice in each group. (D) Tumor volume growth trends. (E) Final average tumor weights following 15 days of therapy. (F) H&E-stained tumor 
sections and TUNEL images of each group of tumor tissue (scale bar: 100µm, 50 µm; ****P < 0.0001 and **P < 0.01).
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