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Background: As a burgeoning cancer treatment modality, photothermal therapy (PTT) has shown robust anti-tumor effects. However, 
it still faces numerous challenges, such as triggering an inflammatory response and potentially increasing the risk of cancer recurrence. 
To address these concerns, integration of PTT with anti-inflammatory therapies presents a promising approach to enhance the efficacy 
of cancer treatment and meanwhile reduce the risk of recurrence.
Methods: In this study, Gd3+ was first chelated with dopamine to create Gd-DA chelates, and then the mesoporous dopamine 
nanoparticles MX@Arg-Gd-MPDA (MAGM NPs) were synthesized by combining arginine (Arg) and the anti-inflammatory medica-
tion meloxicam (MX). The photothermal properties of MAGM NPs were then defined and examined; the in vivo MRI imaging effect, 
as well as MAGM NPs’ anti-cancer and anti-inflammatory efficiency, were tested in a mouse model of breast cancer.
Results: The incorporation of Arg doping into MAGM NPs was intended to boost its photothermal conversion efficiency and reactive 
oxygen species (ROS) scavenging ability. Additionally, synergizing with the anti-inflammatory agent meloxicam (MX) within the 
nanoparticles aimed to enhance the anti-inflammatory effect following photothermal therapy. Furthermore, gadolinium ions (Gd3+) were 
chelated into the nanostructure to enable precise T1-T2 dual-mode magnetic resonance imaging (MRI) of the intratumor accumulation 
profile. This imaging capability was leveraged to guide the implementation of photothermal therapy. Animal experiments demonstrated that 
MAGM NPs exerted a notable anticancer effect in a 4T1 breast cancer mouse model, under the precise guidance of MRI.
Keywords: magnetic resonance imaging, photothermal therapy, anti-inflammatory therapy, mesoporous polydopamine, cancer therapy

Introduction
Photothermal therapy (PTT) represents a promising cancer treatment technique that utilizes light and heat energy to selectively 
eliminate cancer cells. This approach has attracted significant attention and is currently undergoing extensive investigation for 
its therapeutic potential in cancer treatment. Recent advancements in photothermal conversion agents, such as gold 
nanoparticles,1,2 graphene,3,4 carbon nanotubes,5,6 and mesoporous dopamine (MPDA),7–9 have shown remarkable ability to 
absorb light energy upon exposure to near-infrared (NIR) light. PTT offers a promising approach for the effective and 
minimally invasive ablation of tumor tissue by significantly elevating the temperature at the tumor site. Despite showing 
promising anti-tumor effects in various studies, there are unavoidable challenges. For instance, upon inducing damage to tumor 
cells, PTT can prompt the release of intracellular components from the tumor into the extracellular environment, potentially 
instigating an inflammatory response thereafter. This cascade of responses typically involves the production of inflammatory 
factors, such as TNF-α, IL-1β, and IL-6,10,11 which subsequently activate pro-survival genes within residual cancer cells, 
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thereby increasing the risk of cancer recurrence. In response to these challenges, numerous researchers have embarked on 
pioneering studies combining PTT with anti-inflammatory strategies.7,12–15 This approach aims to mitigate the inflammatory 
response associated with PTT, thereby enhancing its therapeutic efficacy and reducing the risk of cancer recurrence.

For effective PTT guidance, reduction of drug dosage, and mitigation of potential damage to normal tissues associated with 
thermotherapy, the utilization of appropriate medical imaging modalities is paramount. Among the array of imaging modalities 
available, magnetic resonance imaging (MRI) stands out as a well-established tool in clinical medicine owing to its non-invasive 
nature, excellent spatial resolution, soft-tissue contrast capability, and three-dimensional imaging proficiency.16–18 In recent years, 
there has been widespread development of contrast agents (CAs) to enhance MRI imaging capabilities. However, commonly used 
T1 and T2 contrast agents come with inherent limitations.19 T1 contrast agents have a short cycle time, and T2 contrast agents are 
prone to artifacts.20–24 In response to these challenges, T1/T2 weighted bimodal imaging strategies for MRI have garnered 
considerable attention. T1/T2 bimodal imaging holds the promise of overcoming the aforementioned limitations, providing more 
accurate imaging information for improved PTT guidance and minimizing potential drawbacks associated with thermotherapy. 
For instance, Li et al demonstrated the self-assembly of gadolinium nanoparticles (DOTA-Gd-CBT NPs) through in situ π-π 
stacking, resulting in the formation of the Glu-DOTA-Gd-CBT NPs.25 Noteworthy is the capability of these nanoparticles to 
enhance both T1 and T2 MRI imaging in a nude mouse model of hepatocellular carcinoma. Moreover, the encapsulation of 
various drugs within the contrast agent enables the visualization of drug delivery processes, enhancing cancer therapy by precisely 
delivering drugs to the cancer imaging site.26 The integration of bimodal imaging agents and photothermal therapeutic agents into 
a nanoplatform allows for the accurate localization of tumor location, determination of tumor size, and monitoring of the 
biodistribution of the nanocomplexes following drug administration. This line of research holds great promise for MRI-guided 
precision cancer photothermal therapy.

Mesoporous dopamine (MPDA) nanoparticles have attracted attention due to their simple synthesis and biocompatibility. 
These nanoparticles, resembling melanin-like polymers, exhibit inherent properties such as its robust free radical scavenging 
ability and exceptional photothermal characteristics, have been demonstrated in numerous studies, showcasing its efficacy in 
promoting the ablation of tumor tissues under near-infrared light irradiation.27,28 Recently, according to the discovery of Prof. 
Yiwen Li’s team, doping arginine in the synthesis of mesoporous polydopamine nanoparticles can disrupt the dense 
microstructure of dopamine oligomers to form a weak polymer, which improves the photo-thermal conversion ability as 
well as scavenging of free radicals, and this discovery provides a new strategy for the development of MPDA materials.29,30 

Additionally, MPDA demonstrates remarkable metal-chelating capabilities, serving as ionic anchors for various metal ions, 
including Mn2+,31,32 among others.33,34 This property has been substantiated in diverse studies, highlighting MPDA’s 
potential for MRI imaging. Importantly, MPDA’s porous structure facilitates the adsorption of chemotherapeutic drugs 
like doxorubicin (DOX) and anti-inflammatory compounds such as meloxicam (MX) through π-π interactions.35 This feature 
not only enables efficient drug delivery but also enhances the inhibition of cancer. Therefore, MPDA emerges as a promising 
candidate for anti-tumor photothermal therapy, offering the potential for precise imaging in cancer treatment.

Herein, we present a strategy to synthesize a mesoporous nanoparticles MX@Arg-Gd-MPDA denoted as MAGM 
NPs (Figure 1A). The incorporation of Arg into MAGM NPs is anticipated to yield a dual enhancement effect, 
augmenting both its free radical scavenging ability and photothermal conversion efficiency. Moreover, MAGM NPs 
demonstrates effectiveness in mitigating PTT-induced inflammation through the controlled release of the drug MX. 
Additionally, the Gd3+-chelated form of MAGM NPs may provide precise T1-T2 dual-mode MRI guidance for PTT 
(Figure 1B). Consequently, this multifunctional NPs is poised to offer a comprehensive visualization strategy for the 
simultaneous implementation of photothermal and anti-inflammatory treatments in cancer therapy.

Experimental Section
Materials and Reagents
Dopamine hydrochloride (98%), L-Arginine (98%) and Meloxicam (98%) were purchased from Aladdin. 
1,3,5-Trimethylbenzene (99%), Trimethylol aminomethane (99%) and Pluronic F-127 (BR) were acquired from Sigma- 
Aldrich, Gadolinium trichloride hexahydrate (GdCl3.6H2O) (99%) were obtained from Shanghai Rhawn Chemical 
Technology Co., Ltd., other reagents were purchased from Sui hui Biology (Guangzhou, China) and used without further 

https://doi.org/10.2147/IJN.S467419                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 10820

Liu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


purification. In addition, 4T1 cell line and RAW264.7 cell line were purchased from the Animal Experiment Center of Sun Yat-sen 
University.

Mouse breast cancer cells (4T1) and Mouse-derived macrophages (RAW264.7) were cultured in high glucose 
medium (DMEM) containing 10% fetal bovine serum (FBS), 100 μg/mL penicillin and 100 μg/mL streptomycin. The 
culture conditions were 37°C and 5% CO2.

Preparation and Characterization of MAGM NPs
Synthesis of Arg-Gd-MPDA (AGM)
AGM synthesized according to the following steps. Initially, 90 mg of dopamine hydrochloride and 4 mg of gadolinium 
chloride hexahydrate were dissolved in ultrapure water and stirred for 24 hours under dark conditions to obtain 
a dopamine-gadolinium chelating solution. Subsequently, 36 mg of F-127 was weighed and mixed with ultrapure 
water (6 mL), anhydrous ethanol (6 mL), and the dopamine-gadolinium (Gd-DA) chelating solution (300 μL). The 
mixture was then stirred in the dark for 20 minutes to ensure thorough mixing. Additionally, 300 μL of TMB emulsion 
was added dropwise and the mixture was ultrasonically shaken for 4 minutes until it turned milky white. Subsequently, 
1 mL of arginine solution (18 mg/mL) was slowly added under magnetic stirring and the reaction proceeded for 8 hours 
in darkness. The resulting AGM were collected by centrifugation at 13000 rpm for 10 minutes and washed with ethanol 
and ultrapure water. Gd-MPDA (GM) was prepared using the same method, with tris buffer (20 mg/mL) replacing the 
arginine solution, for subsequent experiments.

Figure 1 A schematic diagram of MAGM preparation (A) and MAGM for MRI-guided photothermal/anti-inflammatory treatment of tumors (B).
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Preparation of MAGM NPs
The UV-vis absorption spectra of meloxicam (MX) were obtained using a UV-vis spectrometer (DU730, US). The 
standard curve of MX in a mixed solvent of DMSO and water with a volume ratio of 3:1 was fitted based on the 
absorbance at the maximum absorption wavelength (270 nm). The AGM sample (1 mg/mL) was mixed with different 
concentrations of MX solution (0.5, 1, 1.5, 2 mg/mL) and stirred for 24 hours to collect MAGM NPs. All the supernatant 
was collected to measure absorbance at 270 nm. The MX content in the supernatant was calculated based on the standard 
curve of MX. The drug loading capacity (LC) and encapsulation efficiency (EE) were calculated using Formulas (1) and 
(2) to determine the optimal feed ratio.

Where m0 is the mass of AGM, m1 is the mass of MX in supernatant, m2 is the total input of MX.

Characterization of Nanoparticles
The MX, AGM, and MAGM NPs were diluted and ultrasonically dispersed. The size and zeta potential of the 
nanoparticles were measured using a Malvern Mastersizer particle sizer (Zetasizer Nano ZS90, UK). Additionally, the 
size and morphology of the nanoparticles were studied by transmission electron microscopy (TEM) using a FEI Tecnai 
G2 F30 microscope (Holland) operating at 200 kV. After drying the AGM powder using a freeze dryer, N2 desorption 
experiments were conducted using a specific surface area and pore space analyzer (NOVA, US). The specific surface area 
and pore size distribution of AGM were then calculated using the BET and BJH methods, respectively. The UV-visible 
absorption spectra (UV-Vis) were obtained by taking 2 mL of GM, AGM and MAGM NPs and scanning them at 
190–1100 nm wavelengths under a UV spectrophotometer (DU730, USA). To assess the stability of MAGM NPs, the 
nanoparticles were evaluated in various buffer solutions, including deionized water, PBS, and DMEM. Their physico-
chemical properties, such as size and zeta potential, were measured at multiple time points. Finally, the elemental 
composition of MAGM NPs was explored., including carbon (C), oxygen (O), nitrogen (N), and gadolinium (Gd) in 
MAGM NPs, was analyzed using energy-dispersive X-ray spectroscopy (EDS) in the TEM. The content of Gd in AGM 
nanoparticles was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) (IRIS (HR), TJA 
Corporation, US). The nitrogen(N) content of AGM was determined using an elemental analyzer. Subsequently, the 
arginine (Arg) content in AGM was calculated using Formula (3).

where NGM is the N content in GM, NA is the N content in arginine (32.18%, wt %), NAGM is the N content in AGM.

In vitro Drug Release Studies
1 mg/mL solution of MAGM NPs (or an equivalent amount of MX solution) was placed into a 3500 Da dialysis bag, 
sealed, and then immersed in a centrifuge tube as previously described. The tubes were incubated in a shaker at 37°C 
(100 rpm) in the dark. At various time points, 2 mL of buffer was removed and replaced with 2 mL of fresh buffer to 
continue the experiment. The absorbance of the buffer at 360 nm was measured using a UV spectrophotometer, and the 
cumulative release rate of MX was calculated using the standard curve of MX in the buffer and Equation (4).

Where cn or cn-1 denotes the concentration of MX in the buffer taken out at the n or n-1 time, V0 denotes the total volume 
of the buffer (20 mL), V1 denotes the volume of the sample taken out each time (2 mL), and m0 denotes the total amount 
of drug in the sample.
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In vitro Photothermal Properties
The photothermal conversion efficiency and photothermal stability of MAGM NPs were investigated. For photothermal 
conversion efficiency assessment, 2 mL of MAGM NPs solution (100 μg/mL) was irradiated with 808 nm NIR (1 W/ 
cm2) until it reached a stable temperature, after which it was allowed to cool naturally. The real-time temperature during 
the entire heating and cooling process was recorded, and the photothermal conversion efficiency of MAGM NPs was 
calculated. Subsequently, the photothermal stability of MAGM NPs (100 μg/mL) was evaluated by subjecting it to four 
cycles of NIR irradiation (1 W/cm2 for 15 minutes per cycle).

Free Radical Scavenging Performance
We confirmed the free radical scavenging ability of the materials using the DPPH assay and the salicylic acid (SA) 
method. The scavenging rates of DPPH and ˙OH radicals were calculated according to Formula (5).

where A0 represents the initial absorbance, and Ax represents the absorbance at different times.

In vitro MRI
In vitro magnetic resonance imaging (MRI) was conducted using both a 3 Tesla (3 T) MRI scanner and a 7 Tesla (7 T) 
MRI scanner. The relaxation rate, often denoted as r1 or r2, is a critical parameter in magnetic resonance imaging (MRI) 
that reflects the speed at which nuclear magnetization returns to equilibrium after excitation. Typically, r1 is associated 
with longitudinal relaxation (T1 relaxation), while r2 pertains to transverse relaxation (T2 relaxation). In MRI experi-
ments, the relaxation rates r1 and r2 can be determined by plotting the reciprocal of the relaxation time (1/T1 or 1/T2) 
against the concentration of the contrast agent.

Gd-DTPA, AGM, and MAGM NPs samples were prepared at different concentrations, and then subjected to T1 and 
T2 weighted imaging using a 3 T MRI scanner (Ingenia DNA2, Philips, Holland). For r1 measurement, the reciprocal of 
the T1 relaxation time (1/T1) is plotted against the concentration of the contrast agent (Gd concentration in mM). The 
slope of the linear fit of this plot provides the r1 relaxation rate, which is expressed in units of s−1 (seconds to the power 
of minus one). T1-weighted MRI parameters: TR = 500 ms, TE = 15 ms, slice thickness = 1 mm; Similarly, for r2 

measurement, the reciprocal of the T2 relaxation time (1/T2) is plotted against the concentration of the contrast agent. 
The slope of the linear fit of this plot yields the r2 relaxation rate, also in units of s−1. T2-weighted MRI parameters: TR = 
2000 ms, TE = 100 ms, slice thickness = 1 mm.

Gd-DTPA, AGM, and MAGM were diluted across a gradient of concentrations. Subsequently, equal proportions of 
the diluted sample solution and a 4% gelatin solution (wt %) were mixed thoroughly. Following proper mixing, the 
samples underwent T1 and T2 weighted imaging using a 7 Tesla (7 T) MRI scanner (PharmaScan70/16, Bruker, 
Germany). T1-weighted MRI parameters: TR = 867 ms, TE = 6.92 ms, slice thickness = 1 mm; T2-weighted MRI 
parameters: TR = 3000 ms, TE = 10 ms.

Evaluation of Anti-Tumor Effects in vitro
Cytotoxicity assays were conducted using the CCK-8 kit (Beyotime, China) following the manufacturer’s protocol. 
Initially, 4T1 cells were seeded in 96-well plates at a density of 5×103 cells/well and incubated for 24 hours to allow cell 
adhesion. Subsequently, the cells were treated with varying concentrations of MX, AGM, or MAGM NPs. After a 6-hour 
incubation period, the AGM and MAGM groups were subjected to NIR irradiation (808 nm, 1 W/cm2, 3 min). Following 
24 hours of further incubation, CCK-8 solution was added to each well. After an additional 3-hour incubation, the 
microplate reader was utilized to measure the absorbance at 450 nm, and the cell viability was subsequently determined 
through the application of a specific Formula (6).
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where A0 represents the absorbance value of the medium containing CCK8, A1 represents the absorbance value of the 
medium, cells, and CCK8, A2 represents the absorbance value of the medium containing CCK8 and the sample, and Ax 

represents the absorbance value of the medium, cells, CCK8, and the sample. Prior to conducting internalization/uptake 
studies in cells, these values were confirmed using fluorescence spectra and fluorescence microscopy.

Cellular uptake of samples was monitored using flow cytometry detection (FACS Calibur, BD, US) and confocal 
imaging microscopy (FV3000, OLYMPUS, Japan). In brief, 6-coumarin dye-labeled AGM (C6@AGM) were incubated 
with 4T1 cells for different time points. Subsequently, the cells were centrifuged to collect and then resuspended in PBS 
buffer. The cell suspension was then analyzed by flow cytometry. To further validate the results, the nuclei were stained 
with DAPI (4′,6-diamidino-2-phenylindole, Life Technologies) for 10 minutes. After staining, the DAPI dye was 
removed, and the cells were washed with PBS. The samples were then collected and observed for fluorescence signals 
using confocal laser scanning microscopy (CLSM). Next, live/dead staining was conducted using the Calcein-AM/PI 
Double Stain Kit (Beyotime, China), and representative images were captured with a fluorescence microscope (IX70, 
OLYMPUS, Germany). The numbers of live and dead cells were counted using Image J software. Additionally, the 
Annexin V-FITC/PI kit was employed to study the apoptosis and necrosis of 4T1 cells treated with different samples.

Anti-Inflammatory Effect of MAGM NPs in vitro
The cytotoxicity and cell uptake studies of RAW 264.7 cells followed the same procedure as described above. 
Intracellular ROS levels were assessed using the ROS-sensitive DCFH-DA probe (Beyotime, China) as follows: RAW 
264.7 cells were restimulated with lipopolysaccharide (LPS; 1 μg/mL). ROS inhibition was achieved by treating RAW 
264.7 cells with MX, AGM, or MAGM NPs solutions (80 μg/mL) in 6-well plates for 24 h. Subsequently, 1 mL of 
DCFH-DA solution (10 μM) was added to each well and incubated for 30 min. After washing and collecting the cells 
into a flow tube, intracellular fluorescence intensity was measured using flow cytometry. For CLSM observation, the cells 
were fixed with 4% paraformaldehyde at 4°C for 10 min after staining with DCFH-DA. Subsequently, the cells were 
washed twice with PBS, and DAPI dye was added to incubate for another 10 minutes. Finally, the fluorescence signal 
was observed using CLSM.

Cellular cytokine detection was primarily performed using specific ELISA assay kits. Initially, 4T1 cells and 
RAW264.7 macrophages were separately seeded in a 6-well culture plate and incubated in a suitable medium for 
24 hours to achieve the desired cell density. Subsequently, the original culture medium was replaced with a medium 
containing 80 μg/mL (concentration of AGM) of MX, AGM, or MAGM NPs, while a blank group was established with 
an equivalent amount of PBS as a control. The cells were then co-cultured in the new medium (6 h). For the light 
exposure group, the cells were irradiated with an 808 nm near-infrared laser for 5 minutes at a power density of 1 W/cm² 
to observe the effect of light on cytokine production. After co-culturing (4 h), the supernatant from each well of the 4T1 
cells was transferred to a separate 6-well plate containing RAW264.7 macrophages for further cultivation. As a positive 
control, one well of RAW264.7 macrophages was cultured with a medium containing lipopolysaccharide (LPS) at 
a concentration of 1 μg/mL to induce an inflammatory response. After co-culturing for 24 hours, the supernatant from 
each well was collected, and the levels of pro-inflammatory cytokines (IL-6, TNF-α) were measured using ELISA assay 
kits (Elabscience, China) to evaluate the regulatory effect of the nanomaterials on cytokine production.

In vivo Animal Studies
Male BALB/c mice were employed in this study to investigate the therapeutic effects of MX, AGM, and MAGM NPs on 
tumors. All animal experiments were conducted in compliance with the guidelines outlined in the “Animal Management 
Regulations’ of the Ministry of Health of the People”s Republic of China and were approved by the Animal Care and 
Use Committee of Sun Yat-sen University. Female BALB/c mice aged 3 to 5 weeks were inoculated with 4T1 tumor cells 
(1×107/mL) on the right back to establish a xenograft model for subsequent in vivo treatment.

Biodistribution of MAGM NPs in vivo
To assess the biodistribution of MAGM NPs in mice, fluorescently labeled MAGM NPs (Cy5.5@MAGM) was 
administered via tail vein injection into 4T1 tumor-bearing mice. At predefined time points, the in vivo fluorescence 
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distribution was captured using the IVIS Spectrum small animal imaging system (PerkinElmer IVIS Lumina III, US). At 
the conclusion of the experiment, one mouse from each group was randomly euthanized, and the major organs (heart, 
liver, spleen, lung, kidney) and tumor tissues were dissected and collected for fluorescence imaging analysis.

MR Imaging in vivo
To investigate the MRI effect of MAGM NPs in mice, three female BALB/c mice were injected with a specified amount 
of MAGM MPs solution via the tail vein. T1 and T2 weighted MRI scans of the tumor site in the mice were acquired 
using a 3T MRI scanner at various time points. The MRI parameters used were as follows: repetition time (TR) = 1600 
ms, echo time (TE) = 65 ms, and slice thickness = 1 mm.

Antitumor Effect in vivo
BALB/c mice were employed to investigate the photothermal effects of MX, AGM, and MAGM NPs on tumors. Once 
the tumor volume reached approximately 100 mm3 within one week, the mice were randomly assigned to six groups 
(n=5) as follows: (1) PBS; (2) MX; (3) AGM; (4) AGM+L; (5) MAGM; (6) MAGM+L. MX was administered once 
every 2 days for a total of 3 times. For the light group, the tumor site underwent irradiation with an 808 nm NIR laser (1 
W/cm2, 5 min) after 8 hours of administration. The therapeutic efficacy was assessed by monitoring the changes in 
relative tumor volume in mice. On the 20th day, the mice were euthanized, and the tumors were excised for tissue 
sectioning (4 mm thickness). Subsequently, the sections were subjected to H&E and TUNEL staining for analysis.

Anti-Inflammatory Effect in vivo
The 4T1 tumor-bearing mouse model was established using the method described above. After 3 days of administration, 
tumor tissues from each group of mice were collected. PBS with pH 7.4 was then added for tissue homogenization. The 
mixture was centrifuged at 3000 rpm for 20 minutes, and the resulting supernatant was collected for measurement using 
TNF-α and IL-6 ELISA kits.

In vivo Biosafety
In vivo biosafety assessment was conducted by monitoring the body weight of the mice every two days throughout the 
treatment period. Blood samples were collected from different groups at both the early and late stages of treatment for 
blood biochemical and blood routine tests. After completion of the treatment, tumor tissues from mice in each group 
were fixed with paraformaldehyde to prepare paraffin sections (4 mm thickness). Hematoxylin-eosin (HE) staining was 
performed on sections of the heart, liver, spleen, lung, and kidney for histological analysis, aimed at assessing the in vivo 
biosafety of MAGM NPs.

Results and Discussion
Preparation and Characterization of MAGM NPs
AGM was synthesized by polymerizing Gd-DA on a template formed by 1,3,5-trimethylbenzene and the block copolymer 
F127. This synthesis process occurred in an alkaline environment facilitated by arginine. Subsequently, the anti-inflam-
matory drug meloxicam (MX) was loaded into AGM through π–π interactions, resulting in the formation of MAGM NPs, 
which enhances the anti-inflammatory effects. To optimize the particle size, we adjusted the concentration ratios of DA to 
GdCl3·6H2O, aiming to obtain mesoporous polydopamine with the most suitable size. The particle sizes of the nanopar-
ticles produced from these varying ratios were determined using DLS, with the results provided in Table S1. According to 
DLS measurements (Figure S1), the average sizes of AGM and MAGM NPs were 223.5 nm and 227.4 nm, respectively, 
slightly larger than Gd-MPDA (213.4 nm). Moreover, zeta potential measurements of GM, AGM, and MAGM MPs 
indicated that the incorporation of arginine and the drug MX had minimal effect on the zeta potentials during the preparation 
process (Table S2). Subsequently, transmission electron microscopy (TEM) was conducted to observe the morphology 
(Figure 2A–C). GM, AGM, and MAGM MPs all exhibited similar spherical porous structures with sizes around 200 nm. 
These results suggest that the incorporation of arginine and subsequent loading of MX did not significantly affect the 
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morphology or particle size. N2 desorption experiments were conducted to further characterize the mesoporous structure of 
AGM nanoparticles. As shown in Figure S2, the N2 desorption curve of AGM exhibits a typical H3 hysteresis loop, 
confirming the presence of a mesoporous structure in AGM. Based on this, the specific surface area and pore size 
distribution of AGM were analyzed using the BET and BJH methods, respectively. The results indicate that AGM possesses 
a significantly higher specific surface area of approximately 50 m²/g, compared to the previously reported polydopamine 
nanoparticles (9.2–19.9 m²/g), with an average pore size of about 19 nm, which is favorable for drug loading.36 The UV- 
visible absorption spectra of GM, AGM and MAGM NPs in aqueous solution were scanned by UV-visible spectro-
photometer (Figure S3). The higher absorbance of AGM than GM at the same concentration was attributed to the fact that 
arginine doped inside of AGM constructed a donor-acceptor microstructure, which reduced the energy band gap and 
promoted electron transfer to enhance the light absorption. Compared with AGM, MAGM NPs has an obvious absorption 
peak at 360 nm, which proves the successful loading of MX. As illustrated in the energy dispersive spectrometer (EDS) 
analysis (Figure 2D), the four elements, C, N, O, and Gd, were uniformly distributed within AGM, with a Gd content of 
3.06% (wt%) as determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The chelation of Gd 
within AGM renders it suitable for use as an MRI contrast agent. Furthermore, the arginine doping content in AGM was 
calculated to be 3.22% based on the N element content. The porous structure of AGM significantly contributes to its high 
MX loading efficiency (36.1%). Additionally, the hydrophobic and π–π interactions between AGM and MX facilitate the 
controlled release of MX, making AGM a promising candidate for drug delivery applications. The release and diffusion of 
both loaded and free MX were studied under simulated physiological conditions in vitro. In addition, as shown in the results 
of Figure S4, the particle size and potential of MAGM NPs remained essentially unchanged during 14 days of preservation 
in different media, indicating that MAGM NPs can be stably preserved in different physiological environments for 
subsequent antitumor studies.

As depicted in Figure S5, approximately 65.7% of the free MX diffused into the buffer, with the release rate 
stabilizing at around 12 hours. In contrast, the release rate of MX from MAGM NPs was lower, reaching only 40.6% 
during the same period. However, MX continued to gradually diffuse from MAGM NPs into the buffer, resulting in 
a steadily increasing cumulative release rate over time. Furthermore, as shown in Figure S6, the temperature changes 
induced by transient photothermal conditions did not impact drug release from MAGM NPs. This observation suggests 
that MAGM NPs could serve as an effective MX delivery and sustained-release system for cancer therapy. Additionally, 
the temperature changes of GM, AGM, and MAGM NPs under 808 nm laser irradiation are recorded in Figure 2E, F and 
Figure S7. MAGM NPs and AGM exhibited a temperature increase of 34°C in 10 minutes, higher than that of GM by 
22°C, demonstrating enhanced photothermal conversion ability due to the presence of Arg. Moreover, the temperature of 
MAGM NPs increased with both concentration and laser power, achieving a photothermal conversion efficiency of 
56.5% and exhibiting excellent photothermal stability, as illustrated in Figure 2G and H. This may be attributed to the 
disruptive effect of Arg on the dense microstructure of polydopamine, which facilitates the formation of donor-acceptor 
structures within AGM. This structural modification promotes efficient electron transfer and reduces athermal radiative 
transitions, thus enhancing photothermal conversion.29,30

The DPPH and ˙OH radical scavenging properties of GM, AGM and MAGM NPs were assessed as shown in 
Figure 3A and B. DPPH scavenging experiments revealed that all three groups exhibited free radical scavenging ability 
(Figure 3A). Specifically, the GM group exhibited a DPPH scavenging rate of 41.7%, while the AGM and MAGM 
groups showed higher rates of 51.7% and 51.2%, respectively. This enhancement can be attributed to Arg disrupting the 
dense microstructure within polydopamine, leading to the formation of a weak polymer with stronger free radical 
trapping ability. Similar results were observed in ˙OH scavenging experiments (Figure 3B). Compared to the blank 
control group, solutions treated with GM, AGM, and MAGM NPs exhibited reduced ˙OH concentrations. The GM group 
exhibited a ˙OH scavenging rate of 19.3%, while the AGM and MAGM groups demonstrated similar rates of 60.7% and 
58.9%, respectively, approximately three times higher than that of the GM group. This superior free radical scavenging 
ability is essential for alleviating inflammatory oxidative stress.

The MRI contrast capability of AGM was evaluated at both 3 T and 7 T field strengths and compared with Gd-DTPA, 
a clinically used contrast agent. Relaxation rates (r1 and r2) are crucial parameters in MRI as they directly affect image contrast 
and signal intensity, thereby influencing the diagnostic utility of MRI scans. MRI T1 signal intensity at 3 T of AGM exhibited 
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Figure 2 TEM images of (A) GM, (B) AGM and (C) MAGM; (D) EDS spectrum analysis of AGM. (E) Temperature changes of different sample; Temperature changes of 
MAGM under (F) different concentrations and (G) different irradiation power; (H) The photothermal conversion efficiency of MAGM (808 nm, 1 W/cm2, 100 µg/mL).
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superior contrast capability (Figure S8), displaying a much higher r1 value (74.86 mM−1 s−1) compared to Gd-DTPA (4.99 
mM−1 s−1). This enhancement in contrast capability may be attributed to the spatial structure of Gd-chelated mesoporous 
nanoparticles, which more significantly affect water molecule relaxation. Furthermore, AGM demonstrated a high r2 value 
(70.66 mM−1 s−1), a characteristic not typically observed with traditional Gd-based contrast agents.

In comparison, at a 7 T field strength (Figure 3C–E), the r1 value of AGM decreased to 9.76 mM−1 s−1, yet it 
remained higher than that of Gd-DTPA (4.63 mM−1 s−1). This decrease in r1 value for AGM could be attributed to 
changes in the interaction between AGM and water molecules with the increase in field strength, limiting the longitudinal 
relaxation process of water molecules. Conversely, Gd-DTPA, being a small molecule, was less affected by the field 
strength, and thus, no significant decline in relaxation rate occurred. Additionally, AGM demonstrated T2 contrast ability 
with a high r2 value (121.77 mM−1 s−1) at 7 T field strength, indicating its potential as an excellent T2 contrast agent 
under ultra-high field strength. Based on these results, AGM possesses both T1 and T2 dual-mode contrast capabilities, 

Figure 3 (A) DPPH scavenging rate of GM, AGM and MAGM (20 μg/mL) in 20 minutes. (B) UV-Vis absorption spectra of the solution treated with GM, AGM and MAGM 
(100 μg/mL). (C) T1-weighted and T2-weighted MRI of AGM and Gd-DTPA. (D) Longitudinal relaxation rates and (E) transverse relaxation rates of AGM and Gd-DTPA 
(Field strength=7 T).
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with higher sensitivity than that of Gd-DTPA. This finding holds significant promise for enhancing the accuracy of 
disease diagnosis and subsequent treatment.

Anti-Inflammatory and Antioxidant in vitro
4T1 cells were used to evaluate the photothermal anticancer effect of MAGM NPs. The CCK-8 experiment revealed that 
MX, AGM, and MAGM NPs, without laser irradiation, exhibited no significant toxicity to the cells, with over 80% cell 
viability (Figure 4A). However, both the AGM and MAGM groups exhibited a similar decrease in cell viability 
following 808 nm laser irradiation at 1 W/cm² for 5 minutes, with IC50 values of 108 µg/mL and 100 µg/mL, 
respectively. At a concentration of 200 µg/mL, cell viability was reduced to only about 15% for both groups. This 
demonstrates that the photothermal treatment with AGM and MAGM NPs exerted a significant cytotoxic effect on 4T1 
cells. Afterwards, C6@AGM was synthesized to facilitate nanoparticle tracking, and the uptake of nanoparticles by 4T1 
cells was assessed using flow cytometry and CLSM (Figure 4B and C). Within the initial 6 hours, the fluorescence 
intensity in 4T1 cells increased with the incubation time, reaching its peak at 6 hours. Subsequently, the rate of uptake 
slowed down compared to the rate of metabolism, leading to a reduction in nanoparticle content.

To optimize the photothermal therapy efficacy in cells, we selected a time interval of 6 hours after the addition of 
AGM and MAGM NPs for laser application in subsequent experiments. To further investigate the photothermal treatment 
effects of MX, AGM, and MAGM NPs on 4T1 cells, a live and dead cell staining experiment was conducted (Figure 4D). 
In the absence of NIR irradiation, cells in the MX, AGM, and MAGM groups displayed comparable viable cell densities 
to the control group, with only a small proportion of cells showing signs of death. This indicates that the three treatments 
did not induce significant toxicity in the cells. In the AGM and MAGM groups subjected to NIR irradiation (1 W/cm², 
5 min), a substantial number of dead cells were observed, consistent with the cell survival rates determined by the CCK8 
assay under the same conditions (approximately 50%). These findings further confirm that photothermal therapy (PTT) 
using MAGM NPs effectively induces tumor cell death.

Inflammation induced by photothermal therapy can promote the release of inflammatory factors from macrophages, 
potentially increasing the risk of cancer recurrence.12,37–39 We evaluated the cell viabilities of LPS-activated RAW 264.7 
cells treated with MX, AGM, and MAGM NPs using the CCK8 assay (Figure 5A). After incubation, the cell viability 
remained above 80%, suggesting that MX, AGM, and MAGM NPs did not exhibit significant toxicity towards activated 
RAW 264.7 cells. Therefore, it was speculated that these treatments did not inhibit the release of inflammatory factors by 
causing cell death in RAW 264.7 cells. The uptake of C6@AGM by RAW 264.7 cells was assessed using both flow 
cytometry and CLSM. The fluorescence signal indicated that uptake peaked at 6 hours post-incubation (Figure 5B 
and C).

As is well known, activated macrophages are often accompanied by oxidative stress.40–44 Therefore, scavenging 
excess reactive oxygen species (ROS) provides an effective means to inhibit the release of inflammatory factors from 
macrophages. In comparison to RAW 264.7 cells before activation, intracellular ROS content increased after activation 
by LPS, as evidenced by a significant rise in fluorescence signal. The anti-inflammatory effect of MX resulted in 
a reduction of ROS production, resulting in a decrease in the intracellular fluorescence signal. Notably, cells treated with 
AGM and MAGM NPs exhibited a more significant decrease in fluorescence signal, indicating their excellent ROS 
scavenging effect within cells (Figure 5D and Figure S9). Given that MAGM NPs possesses both anti-inflammatory and 
antioxidant capabilities, cells treated with MAGM NPs exhibited the lowest fluorescent signal. This observation indicates 
that MAGM NPs effectively reduces oxidative stress in macrophages, thereby further inhibiting the release of inflam-
matory factors by macrophages.

To further verify the inflammatory response induced by photothermal therapy, we assessed the levels of inflammatory 
cytokines (TNF-α and IL-6) in the various treatment groups using ELISA assay kits. The results depicted in Figure S10 
demonstrated a significant increase in the release of TNF-α and IL-6 in the NIR laser treatment group compared to the 
control group. Specifically, the photothermal therapy group exhibited an 8-fold increase in TNF-α levels and a 3-fold 
increase in IL-6 levels. These findings strongly indicated the activation of macrophages and the initiation of an 
inflammatory response, implying that photothermal therapy stimulates the release of inflammatory factors. However, 
the AGM+L group displayed a notable reduction in inflammatory factors compared to the GM+L group. This effect can 
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Figure 4 (A) Cell viabilities of 4T1 cells after different treatment (NIR: 808 nm, 1 W/cm2, 3 min); (B) fluorescence intensities and (C) CLSM images of 4T1 cells after incubation 
with C6@AGM for different time (Scale bar=30 μm). (D) Live and dead cell staining of 4T1 cells after different treatment (L: 808 nm, 1 W/cm2, 3 min) (Scale bar = 200 μm).
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Figure 5 (A) Cell viabilities of LPS-activated RAW 264.7 after incubation with different concentrations of MX, AGM and MAGM for 24 h. (B) Fluorescence histograms, and 
(C) CLSM images of RAW 264.7 after incubation with C6@AGM for different time. (D) CLSM images of LPS-activated RAW 264.7 cells after incubation with MX, AGM and 
MAGM (Scale bar=30 μm).
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be attributed to the inclusion of arginine, which enhanced ROS clearance, thereby inhibiting inflammation. Similarly, the 
MAGM+L group, incorporating MX-loaded anti-inflammatory drugs, exhibited an amplified antioxidant and anti- 
inflammatory effect, leading to a more pronounced inhibitory effect on inflammation. These findings contribute to 
optimizing the therapeutic strategy of photothermal therapy, enhancing its efficacy in cancer treatment.

MRI Imaging and Biodistribution in vivo
In vivo biodistribution analysis of MAGM NPs was conducted on BALB/c mice. As depicted in Figure 6A, the 
fluorescence signal at the tumor site gradually increased after intravenous injection of Cy5.5@MAGM, peaking at 
8 hours, and subsequently decreasing over time. Following 24 hours, the mice were dissected, and the heart, liver, spleen, 
lungs, kidneys, and tumor were collected to measure the fluorescence signal intensity in various tissues. As depicted in 
Figure 6B and C, the fluorescence signal of MAGM NPs was predominantly concentrated in the liver, spleen, kidneys, 
and tumor. This observation indicates that the nanotherapeutic agent is primarily metabolized in the liver, while the 
fluorescence signal intensity at the tumor site was significantly higher than in other tissues, except for the liver. These 
findings suggested that MAGM NPs can accumulate at the tumor site, underscoring its potential for cancer diagnosis.

In addition, we assessed the imaging effect of MAGM NPs on tumors by conducting T1 and T2-weighted scans of the 
tumor site using a 3T MRI at various time points in 4T1 tumor-bearing mice. The T1-weighted signal at the tumor site of 
mice was weak before the tail vein injection of the nanotherapeutic agent. However, within 0–8 hours after injection, the 
image contrast at the tumor site gradually increased, reaching its maximum intensity at 8 hours (Figure 6D). As the 
injection time increased, the signal gradually attenuated, resulting in a progressive darkening of the T1-weighted image, 

Figure 6 (A) The fluorescence imaging and fluorescence intensity were observed at different time points post-injection of MAGM in the tumor site and various organs: (B) 
tumor, (C) heart, liver, spleen, lungs, kidneys, and tumor. (D) MRI T1 and T2-weighted imaging of the tumor site at different time points.
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consistent with the in vivo fluorescence imaging signal. Conversely, in T2-weighted images, the signal at the tumor site 
in mice gradually increased from 0 to 8 hours, leading to darker images. The strongest signal and the darkest image at the 
tumor site were observed at 8 hours, followed by signal attenuation and brighter images. These results implied that 
MAGM NPs enables dual-mode T1/T2 imaging of tumor sites, thereby facilitating cancer diagnosis and guiding cancer 
treatment.

In vivo Antitumor Efficacy
The therapeutic efficacy of MAGM NPs was evaluated in 4T1 tumor-bearing mice by measuring the changes in tumor size and 
volume across various treatment groups. Figure 7A demonstrates a notable reduction in tumor size following MAGM NPs 
photothermal treatment. Furthermore, the tumor volume displayed a suppressed trend at various time points post-treatment. 
On the 20th day, the tumor volume in the AGM and MAGM groups showed no significant change compared to the PBS group, 
whereas the AGM+L and MAGM+L groups exhibited a notable decrease (Figure 7B). Specifically, the tumor volume 
decreased by 2.49-fold in the AGM+L group and by 3.43-fold in the MAGM+L group. These results suggest that AGM 
displayed notable therapeutic effects on mice under near-infrared light, and the drug-loaded MAGM NPs demonstrated even 
more prominent efficacy. Finally, tumor suppression was assessed by analyzing dissected tumor tissue sections from different 
treatment groups using H&E and TUNEL staining. Figure 7C summarized the H&E staining results, indicating that tumor 
cells in the PBS, MX, AGM, and MAGM groups exhibited uniform infiltration without significant damage. In contrast, the 
AGM+L and MAGM+L groups showed larger interstitial space and lower cell density. The TUNEL staining results further 
confirmed the absence of noticeable apoptosis in the cells of the PBS, MX, AGM, and MAGM groups, while evident apoptosis 
was observed in the tumor cells of the AGM+L and MAGM+L groups. Moreover, the MAGM+L group exhibited a higher 
number of apoptotic tumor cells compared to the AGM+L group. Based on these observations, it can be inferred that MAGM 
NPs possesses the capability to effectively suppress tumor growth through photothermal treatment and holds promise as 
a potential therapeutic approach for cancer treatment.

In order to prove that nanoparticles cause inflammatory reaction after photothermal treatment in tumor sites and 
visualize the corresponding anti-inflammatory effect of nanoparticles, we took out the tumor tissues of different drug 
groups after treatment, soaked them in PBS (pH=7.4) and crushed them, and then extracted the tissue supernatant by 
centrifugation to test the changes of cytokine levels (TNF-α, IL-6). As shown in Figure S11, after the treatment, the 
results of GM+L group showed significantly higher levels of TNF-α and IL-6 after light exposure, indicating that the 
inflammatory response induced by photothermal heat could not be ignored. Meanwhile, compared with the GM+L group, 
the MAGM+L in the combined treatment group showed a significant decrease in the corresponding levels of TNF-α and 
IL-6 at the tumor site due to the effective delivery of the anti-inflammatory drug MX. Taken together, these results 
indicate that the treatment group MAGM+L can effectively alleviate the inflammatory reaction produced during 
photothermal therapy and reduce the possibility of tumor recurrence.

Finally, we assessed the safety of MAGM NPs photothermal treatment by monitoring the body weight changes of 
mice throughout the treatment period. Following the treatment, we conducted HE staining analysis on tissue sections 
from the heart, liver, spleen, lungs, and kidneys of mice. Additionally, we collected mouse serum for biochemical 
analysis to evaluate the in vivo safety of the material. The body weight changes of the mice remained within the 
acceptable range throughout the treatment period, with no significant abnormalities observed (Figure S12). Additionally, 
serum biochemical analysis revealed that levels of BUN, ALP, ALT, CR, and AST in the mice were within reasonable 
ranges (Figure 7E and F). HE staining analysis further demonstrated that MAGM NPs photothermal treatment did not 
cause significant tissue damage (Figure 7D). These findings collectively suggested that photothermal treatment is safe 
and feasible under experimental conditions.

Statistical Analysis
Data are presented as mean ± standard deviation (mean ± S.D). Differences between two groups were statistically 
analyzed by unpaired, two-tailed Student’s t test, while analysis of variance (ANOVA) with Dunnett post hoc test was 
used for the comparison of data in more than two groups of variables. The levels of significance were set at *p < 0.05, 
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Figure 7 Different treatment groups of 4T1 tumor-bearing mice were evaluated for (A) tumor size and (B) tumor volume changes as well as histological analysis of tumor 
sections. (C) H&E staining and TUNEL staining of tumor sections (Scale bars= 50 nm). (D) H&E staining images of major organs dissected from various groups with different 
treatments. Scale bars: 50 µm. (E) and (F) Blood biochemistry tests of the tumor-bearing mice at 20 d after various treatments. 1. PBS; 2. MX, 3. AGM; 4. AGM+L; 5. 
MAGM; 6. MAGM+L.
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**p < 0.01, and ***p < 0.001, respectively. All statistical analyses were performed with GraphPad Prism software 
version 8 (GraphPad Software, Inc., CA, USA).

Conclusion
An MRI-visible nanotherapeutics MAGM NPs was engineered for MRI-guided photothermal and anti-inflammatory 
cancer therapy. MAGM NPs exhibited excellent photothermal conversion efficiency for tumor ablation upon localized 
808 nm NIR laser irradiation, attributed to Arg doping. Additionally, sustained release of the anti-inflammatory drug MX 
effectively suppressed the production of inflammatory factors TNF-α and IL-6 at the tumor site, mitigating the 
inflammatory response induced by PTT. MAGM NPs not only effectively removed ROS from the tumor site, thereby 
reducing inflammation levels, but also exhibited strong T1-T2 contrast (r1=74.86 mM−1 s−1, r2=70.66 mM−1 s−1) ability 
due to the chelation of Gd3+. This contrast ability enabled visualization of the retention of MAGM NPs in tumor tissues 
and guided the combined PTT and anti-inflammatory therapy. Our findings suggested that the development of MAGM 
NPs represents an effective strategy for multifunctional nanomedicine treatment of breast cancer.
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