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Abstract
Radiotherapy (RT) effectiveness is limited by low DNA damage in tumor cells, surrounding tissue harm, and tumor 
radioresistance with active DNA repair. Herein, we have engineered a two-dimensional nanomaterial consisting of 
MXene nanosheets at its core, coated with gold nanorods and a cisplatin shell, and further modified with polyvinyl 
alcohol, referred to as APMP. The APMP exploits its distinctive electronic properties and photothermal effects to 
augment radiosensitivity and impede DNA damage repair mechanisms. In vitro experiments demonstrate that 
APMP elevates reactive oxygen species (ROS) production to approximately 2.6 times higher than that achieved 
with radiotherapy alone, thereby significantly enhancing the sensitivity to radiotherapy. Combining APMP with 
photothermal therapy (PTT) and RT is a promising glioblastoma treatment strategy, achieving tumor destruction 
via localized hyperthermia and overcoming radioresistance. This approach achieves precise tumor targeting, 
reducing side effects and enhancing therapeutic response in preclinical models. The novel core-shell design 
enables potent radiotherapy-specific radiosensitizers that drive immunogenic cell death, enhancing glioblastoma 
combination immunotherapy. This universal strategy heralds a new era in integrating radiotherapy sensitizers with 
immunotherapy.
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Background
Cancer remains a significant challenge in human health, 
standing as the third leading cause of mortality globally 
[1]. In 2022, it is that approximately 20 million new can-
cer cases occurred worldwide, subsequently resulting in 
a remarkable 9.5  million fatalities attributed to cancer 
[2]. The conventional modalities for cancer treatment 
encompass surgery, radiotherapy, and chemotherapy 
[3–8]. Gliomas, representing the most prevalent form of 
primary brain neoplasms, constitute approximately 81% 
of all neurologically-derived tumors [9]. Glioblastoma 
represents the most common subtype within the glioma 
spectrum, distinguished by its aggressive malignancy. 
This subtype carries the poorest prognosis and is respon-
sible for the highest mortality rates among patients diag-
nosed with gliomas [10].

Radiotherapy, as an integral part of integrated tumor 
management alongside surgical interventions, has 
attracted significant research interest. The concurrent 
administration of radiotherapy and temozolomide che-
motherapy represents the standard therapeutic protocol 
for glioblastoma patients who have undergone surgical 
intervention within a month. However, the inherently 
malignant nature and intricate architecture of the brain 
pose a formidable challenge to complete resection of 
glioblastoma, predisposing these tumors to frequent 
recurrence and an unfavorable prognosis [11]. Therefore, 
improving the cure rate and reducing recurrence are crit-
ical concerns that clinicians need to consider for glioblas-
toma therapy. Radiotherapy, widely acknowledged for its 
efficacy in cancer treatment, is commonly combined with 

temozolomide in the clinical management of glioblas-
toma [12]. However, the effectiveness of this combination 
in controlling the onset and recurrence of glioblastoma 
remains suboptimal, as approximately 60% of patients 
show limited or no response to temozolomide. Namely, 
temozolomide did not generate desired radiosensitiza-
tion effect prospectively [13]. Hence, there is an urgent 
and unmet demand for the development of novel thera-
peutic agents capable of enhancing the radiosensitizing 
effects in glioblastoma treatment.

Recently, chemotherapy agents like cisplatin are com-
monly used as sensitizers to enhance the efficacy of 
radiotherapy. Furthermore, small molecular compounds, 
such as sodium glycinate diazole, are being investi-
gated for their radiosensitizing potential [14]. However, 
although platinum chemotherapeutic agents has been 
proved to have the potentia for enhancing the therapeutic 
index of radiotherapy, their use often results in increased 
side effects due to required dosages. Furthermore, the 
rapid metabolism of small molecule compounds limits 
their ability to sustain a therapeutic effect. In contrast, 
nanoparticles possess advantageous properties such as 
preferential accumulation in tumor tissues and prolonged 
retention, facilitated by the enhanced permeability and 
retention (EPR) effect. This makes nanoparticles an opti-
mal choice for delivering radiosensitizing agents, either 
as drug carriers or sensitizers themselves. Proverbially, 
materials containing high atomic number (high-Z) metal 
elements such as gold, hafnium, tantalum, platinum, and 
bismuth, among others, are renowned for their robust 
X-ray absorption capabilities, resulting in an increased 
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cross-sectional area for radiation absorption and local-
ized higher energy deposition [15]. The interaction of 
high-Z elements with ionizing radiation can generate 
reactive oxygen species, leading to direct DNA dam-
age and amplifying the cytotoxic effects of radiotherapy. 
For instance, HfO2 nanoparticles, used as a radiosensi-
tizer in Europe, illustrate this effect in the treatment of 
locally advanced soft tissue sarcoma [16]. Encouragingly, 
as the only inorganic nanomaterial that has gained clini-
cal approval as a radiosensitizer, hafnium dioxide (HfO2) 
is primarily restricted to direct intratumoral injections. 
However, there exists a notable absence of nanomedical 
agents engineered for systemic administration via intra-
venous injection, highlighting an unmet need in the field. 
The emergence of nanomedical agents amenable to intra-
venous injection could signify a major stride in the realm 
of oncological therapeutics, providing a more versatile 
and potentially more efficacious strategy for the targeted 
delivery of cancer treatments.

Given the varying radiosensitivity among different 
tissues and issues such as treatment resistance, radio-
therapy has inherent limitations. This has spurred ongo-
ing research into novel technologies and therapeutic 
approaches. Combining the radiotherapy with other 
availably antitumor methods appears to be an promis-
ing tactic to overcome its limitations. Notably, collabora-
tive therapies have the dual advantage of potentiating the 
effects of radiotherapy while concurrently mitigating its 
adverse side effects. The advent of innovative anti-tumor 
modalities has made the integration of radiotherapy with 
various approaches possible, including immunotherapy 
[17], targeted therapy [18], and photodynamic therapy 
[19], which are either currently utilized or poised for clin-
ical implementation.

Photothermal therapy, an increasingly recognized non-
invasive treatment modality, has garnered attention for 
its simplicity and efficacy in cancer treatment. The syn-
ergistic application of radiotherapy and photothermal 
therapy, however, remains a relatively underexplored 
area. Cryogenic photothermal therapy, for instance, has 
been shown to impede DNA repair mechanisms [20], 
potentially through the downregulation of RAD5 protein 
expression [21]. Additionally, mild photothermal effects 
have been reported to ameliorate the hypoxic tumor 
microenvironment, which can subsequently bolster the 
efficacy of radiotherapy [22, 23]. Nonetheless, there is 
still a lack of tactics or exploration that can achieve both 
radiosensitization and photosensitization simultane-
ously. High-Z elements enhance radiotherapy sensitiv-
ity in tumors through mechanisms such as increasing 
the photoelectric effect, Compton scattering, improv-
ing energy transfer efficiency, and synergistic effects 
with other treatments [24–26], which was also proved 
has application feature for photosensitization. In recent 

years, the two-dimensional material MXene has garnered 
substantial interest among researchers owing to its favor-
able biocompatibility and the large specific surface area 
resulting from its layered structure. These features make 
it a promising candidate for use as a drug delivery plat-
form or for its intrinsic anti-tumor properties. Extensive 
research has focused on leveraging MXene’s photother-
mal properties in tumor treatment, producing promis-
ing results [27–30]. Interestingly, Capitalizing on the 
exceptional electronic and ionic conductivity of Mxene, 
this advanced material has shown promise in enhancing 
the therapeutic efficacy of radiotherapy. Furthermore, its 
photothermal characteristics contribute to a synergis-
tic enhancement of the therapeutic outcomes associated 
with radiotherapy.

Immunotherapy has become a hot research topic in 
the treatment of glioblastoma (GBM) in recent years 
[31]. However, glioblastoma (GBM) are “cold tumors” 
with an immunosuppressive tumor microenvironment 
(TME), thereby leading to the failure of existing immu-
notherapeutic regimes [32]. The successful treatment of 
melanoma using a combination of chemotherapy and 
immunotherapy indicates that multimodal therapy repre-
sents a promising trend in cancer managemen [33]. PTT 
has substantial promise in the therapeutics of various 
cancers including GBM [34]. In addition to killing tumor 
cells directly via photothermal effect, PTT can promote 
the anti-tumor immune response against GBM via trig-
gering ICD effect and activating immune cells [35]. 
Meanwhile, ROS play a major role in immune regulation, 
differentiation, and functions, which can not only kill 
cancer cells, but also trigger the so-called type II ICD has 
been developed [36]. The active electronic properties of 
MXene, when combined with radiotherapy, will generate 
a substantial amount of ROS. Thus, radiotherapy combin 
wtih PTT can improve the efficacy of combination ther-
apy with immune checkpoint inhibitors.

In this study, we have synthesized APMP nanomedi-
cines, a novel class of theranostic agents, by integrating 
gold (Au) and platinum (Pt) onto the surface of Ti3C2-
Mxene (Unless otherwise specified, ‘MXene’ hereafter 
refers to Ti3C2), with a subsequent modification using 
polyvinyl alcohol (PVA). The multifunctional APMP 
nanoplatform presents several therapeutic advantages: 
Firstly, the high-Z element titanium (Ti) in Ti3C2-Mxene 
could boost radiosensitivity. Secondly, the inclusion 
of high-Z elements Au and Pt not only synergistically 
enhances radiotherapy efficiency but also crucially tar-
gets and mitigates DNA repair mechanisms through 
the nanocarrier’s cisplatin payload, thereby addressing 
radiotherapy resistance [37]. Thirdly, the exceptional 
optical absorption properties of MXene in the near-
infrared spectrum I-II enable effective photothermal 
therapy. When synergized with radiotherapy, it generates 



Page 4 of 17Zhu et al. Journal of Nanobiotechnology          (2025) 23:203 

a significant amount of ROS, which can not only directly 
kill tumor cells but also induce type II ICD in tumor 
cells, generate strong immune responses. Furthermore, 
a mouse model of GBM based on Gl261 cells was con-
structed to evaluate APMP in mice. APMP could reach 
the tumor site via the EPR effect. More importantly, 
APMP + RT + PTT could improve the response rates of 
PD-1 monoclonal antibody therapy, presenting with the 
best efficacy among multimodal treatments of combined 
PTT, radiotherapy, and immunotherapy. Additionally, the 
in vivo biosafety assessment of APMP underscores its 
potential for integrated cancer therapy, harnessing both 
photothermal and radiotherapeutic.

Materials and methods
Chemicals and reagents
The materials used in this study were procured from 
reputable sources. Titanium aluminum carbide (Ti3AlC2) 
was supplied by Aladdin Industrial Corporation, while 
gold nanorods were purchased from Nano-Composix, 
Inc. Cisplatin, in the form of a lyophilized powder, was 
sourced from MedChemExpress. Polyvinyl alcohol (PVA) 
was acquired from Sigma-Aldrich. Fetal Bovine Serum 
(FBS), Dulbecco’s Modified Eagle Medium (DMEM), 
and penicillin-streptomycin solution were all obtained 
from Gibco, a subsidiary of Thermo Fisher Scientific. 
Phosphate-buffered saline (PBS) with a concentration of 
0.01 M and a pH of 7.4, as well as the Cell Counting Kit-8 
(CCK-8), were supplied by Solarbio Science & Technol-
ogy Co., Ltd. Chemicals of analytical-grade or higher 
quality chemicals were purchased from reputable local 
vendors and utilized without further purification. Deion-
ized water, referred to as Watsons water, was consistently 
employed throughout the all of the studies. Lastly, fluo-
rescein potassium salt was sourced from MCE company.

Synthesis of Ti3C2 nanosheets
The Lithium hydrochloric acid/lithium fluoride etching 
solution was used to selectively remove the aluminum 
layer from Ti3AlC2 so as to synthesize Ti3C2 nanosheets. 
A typical experimental procedure involved the dissolu-
tion of 1 gram of lithium fluoride in 20 milliliters of a 9 M 
hydrochloric acid solution, facilitated by magnetic stir-
ring for 5  min. Thereafter, 1  g of Ti3AlC2 was gradually 
introduced into the etching mixture. The etching reac-
tion was conducted for a total duration of 24 h under a 
controlled temperature regime set at 35 °C. Post-reaction, 
the generated Ti3C2 nanosheets were dispersed in water 
adjusted to a pH of 6, and the resulting suspension was 
subjected to freeze-drying to yield a solid product. The 
freeze-dried Ti3C2 nanosheets were then redispersed in 
deionized water to establish a stock suspension at a con-
centration of 10 mg/mL.

Synthesis of Au-Pt@Mxene@PVA nanocomposites
Gold nanorods (AuNRs) were homogeneously mixed 
with Ti3C2 nanosheets at an equal volume ratio and sub-
jected to ultrasonication within an ice bath for 30  min, 
resulting in the formation of Ti3C2@Au nanocomposites. 
In parallel, PVA was dissolved in a water bath at 60  °C, 
facilitated by mechanical agitation. Upon complete dis-
solution of PVA, the Ti3C2@Au suspension was added to 
the PVA solution, and the resulting mixture was stirred 
using a magnetic stirrer for 4  h to ensure a thorough 
blend. Thereafter, this cisplatin-containing PBS solution 
with a final concentration of 1  mg/mL was then incre-
mentally added to the Au@Mxene@PVA mixture under 
continuous magnetic stirring for a period exceeding 4 h, 
allowing for the assembly of the nano-drug complex. The 
reaction mixture was subsequently lyophilized to procure 
a solid product, which was reserved for use in subsequent 
experimental applications.

Characterization
The architecture of APMP nanodrugs was examined 
through transmission electron microscopy (TEM) using 
a Talos L 120  C microscope operated at 120  kV. A Shi-
madzu UV-2600 spectrophotometer was uesd to acquire 
UV-visible absorption spectra. with a Shimadzu UV-2600 
spectrophotometer. X-ray diffraction (XRD) data were 
collected on a Rigaku SmartLab SE X-ray diffractometer, 
employing a CuKα radiation source. X-ray photoelectron 
spectroscopy (XPS) studies were carried out employing 
a Thermo Scientific K-Alpha spectrometer. Particle size 
and zeta potential assessments were conducted with a 
NanoBrook Omni particle analyzer. Thermal imaging 
was documented using a UNI-T UTi320e thermal imager. 
Near-infrared laser irradiation at 808  nm was provided 
by a high-power multi-mode pump laser from Changc-
hun Xinye Optoelectronic Technology Co., Ltd., China.

Cellular experiments
The GL261 and GL261-Luc cell lines were procured from 
the American Type Culture Collection (ATCC). These 
cell lines were routinely cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM), enriched with 10% Fetal 
Bovine Serum (FBS), and incubated at a temperature 
of 37  °C within a humidified atmosphere containing 5% 
CO2. For the experimental procedures, GL261 cells were 
plated onto 96-well microplates at an initial seeding den-
sity of 2,000 cells/well. Upon achieving confluence and 
cell adhesion, varying concentrations of the APMP were 
introduced to the respective wells. After a 24-hour incu-
bation period to allow for drug interaction, the relative 
cell viability was assessed using the CCK-8 assay, as per 
the manufacturer’s protocol.
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In vitro radiotherapy experiments
This study examined the impact of various APMP con-
centrations on GL261 cell viability. Cells were subjected 
to APMP treatments at 0, 0.4, 0.6, 0.8, and 1.0 milligrams 
per milliliter for 24 h, followed by exposure to a 2 Gy (Gy) 
gamma radiation dose. To assess cell viability, the CCK-8 
assay was performed under the manufacturer’s instruc-
tions. For cell survival analysis, the Live and dead cells 
were differential stained with AM and PI probes respec-
tively. After a 30-minute incubation with the staining 
solution, fluorescent microscopy was used to differentiate 
and quantify viable from non-viable cells.

For in vitro photothermal therapy (PTT) assays, GL261 
cells were co-cultured with or without the presence of 
APMP at a concentration of 0.4  mg/mL for 24  h. After 
this incubation, the cells were underwent the 808  nm 
laser irradiation for 10  min, with an untreated control 
group maintained for comparison. Following the irra-
diation, the intracellular ROS levels were quantitatively 
determined using commercial ROS assay kits, and the 
findings were analyzed through fluorescence microscopy. 
In cell clone formation assays, GL261 cells were initially 
treated with various concentrations of APMP. Follow-
ing a 24-hour incubation, the cells were exposed to 2 Gy 
gamma radiation. The effectiveness of clone formation 
was then observed and documented over 7 days. Subse-
quently, cells were assigned to distinct treatment groups 
and clone formation rates were assessed following a 
7-day extended incubation.

Tumor model
C57BL/6 mice were procured from Spbio Biotechnol-
ogy Co., Ltd. and maintained in compliance with the 
approved protocols of the Laboratory Animal Cen-
ter at Southern Medical University. Briefly, a total of 
1 × 105 GL261 cells, suspended in 5 µl of PBS, were ste-
reotactically injected into the frontal lobe of the mice’s 
brains utilizing a brain stereotaxic apparatus. After a 
7-day interval, bioluminescence imaging was performed 
using an IVIS imaging system to capture the resulting 
emissions.

In vivo PTT/RT combined therapy
Female C57BL/6 mice harboring GL261-Luc tumors 
were randomly assigned to four experimental cohorts: 
(1) Control, (2) APMP + PTT, (3) APMP + RT, and (4) 
APMP + PTT + RT. The administered dosage for groups 
(2), (3), and (4) was 60  mg/kg. After a 24-hour interval 
post-injection, mice across the respective groups were 
subjected to either 808 nm laser irradiation at an inten-
sity of 1.0 W/cm2 for 10 min and/or a single dose of 8 Gy 
X-ray irradiation. Tumor progression was monitored and 
analyzed under established methodologies. Hematoxylin 
and eosin (H&E) staining of major organs was performed 

on mice from all treatment groups and the control group 
at the 28-day mark post-treatment.

Comet assay
The cells were subjected to irradiation (6  Gy), and har-
vested at 0.5  h. Using the SCGE DNA Damage Detec-
tion Kit (KeyGen, China), neutral comet experiments 
were applied (in which cells were treated with neutral 
electrophoresis), and propidium iodide (Pl) for staining. 
The comet photoswere obtained using an inverted fluo-
rescence microscope (Zeiss LSM90) at a magnifcation of 
x10. CaspLab-Comet Assay software was usedto quantify 
the tail moments; a score from 10 cells was calculated for 
eachsample.

Statistical analysis
All the results in this work were presented as mean val-
ues ± SD. Statistical analyses were performed with Graph-
Pad Prism 9.5 software. Statistical significances were 
calculated via Student’s t-test or Mann − Whitney U test. 
*p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001.

Result and discussion
APMP characterization
Ti3C2 nanodrugs were synthesized through a proto-
col described in prior literature, adhering to established 
methods [38]. Nanoparticle analysis revealed a particle 
size distribution with a mean diameter of 100 nanome-
ters (Fig. 1a). Transmission Electron Microscopy (TEM) 
was utilized to conduct an exhaustive morphological 
analysis of the nanodrugs, revealing a distinct nanosheet 
architecture (Fig. S1), a finding consistent with previous 
literature observations [39]. Ti3C2 displays enhanced sta-
bility in aqueous environments, a characteristic that can 
be ascribed to the presence of surface-adsorbed hydroxyl 
groups (-OH). Nevertheless, when subjected to saline 
environments, such as phosphate-buffered saline (PBS), 
Ti3C2 undergoes aggregation and precipitation (Fig. S2). 
Despite concerted efforts to address aggregation, this 
phenomenon remains an unresolved issue. The aggrega-
tion of Ti3C2 and its polymer composites in biological 
media can be primarily ascribed to the frailty of their 
intermolecular interactions, significantly compromis-
ing stability under such conditions. However, like other 
inorganic nanometals, their long-term toxicity and bio-
compatibility for use in biotherapeutics have not yet been 
clarified. Experimental evidence suggests that modifying 
the surface of inorganic metal nanoparticles with biocom-
patible materials can mask their toxicity, thereby achiev-
ing biocompatibility [40, 41]. To overcome this challenge, 
a novel polymerization approach was employed, which 
involved encapsulating gold (Au) nanorods and cisplatin 
onto Mxene nanostructures through the use of a PVA 
matrix. This process resulted in the generation of Au-Pt@
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Mxene@PVA (APMP) nanoparticles with an approxi-
mate diameter of 180 nm (Fig. 1b). TEM was utilized to 
examine the morphological features of the synthesized 
nanoparticles (Fig. 1c). The zeta potential measurements 
yielded a value of -3.59 ± 0.22 millivolts (Fig. 1d), indicat-
ing a potential tendency for particle aggregation. How-
ever, the integration of polyvinyl alcohol (PVA) into the 
Au-Pt@Mxene structure significantly enhanced biocom-
patibility, a conclusion substantiated by the outcomes of 
our biocompatibility assays (Fig.  S2). X-ray photoelec-
tron spectroscopy (XPS) was employed to investigate the 
elemental constitution of the APMP nanoparticles. The 

analysis conclusively confirmed the existence of carbon 
(C), titanium (Ti), gold (Au) and platinum (Pt) (Figs. S3-
7). A high-resolution XPS study of the Ti 2p spectrum 
disclosed two separate peaks at 465.05 eV and 464.05 eV, 
characteristic of Ti-O and Ti-C bonding configurations. 
These observations align with prior literature reports 
[42]. XRD analysis exhibits the signature peak(002) of 
Mxene, whereas it is absent for APMP nanoparticles, 
suggesting that the PVA coating has enveloped the 
Mxene surface and consequently diminished its biotoxic-
ity (Fig. 1e).

Fig. 1  Characterization of APMP. (a) Dynamic light scattering (DLS) size distribution profiles of Ti3C2 and (b) APMP. (c) TEM images of APMP. (d) zeta po-
tentials of APMP and Ti3C2. (e) XRD spectra of Mxene and Au-Pt@Mxene@PVA. (f) The photothermal heating curves of APMP at elevated concentrations 
under irradiation using an 808 nm laser (1 W/cm2). (g) Thermal images of APMP at various concentrations upon laser irradiation
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Mxene demonstrates the capacity for efficient pho-
tothermal conversion, a prominent attribute that dis-
tinguishes this material [43]. In the experimental 
investigation, the temperature dynamics of an aqueous 
APMP solution were examined upon exposure to 808 nm 
laser radiation for a 10-minute duration. A marked tem-
perature rise was observed as the drug concentration 
increased. Specifically, at a concentration of 10  mg/mL, 
the solution’s temperature escalated by 29.8  °C during 
this interval. Conversely, at a concentration of 1  mg/
mL, the temperature increase was substantially lower, 
amounting to 11.4 °C (Fig. 1f-g). The Ultraviolet-Visible-
Near-Infrared (UV-Vis-NIR) absorption spectrum of the 
APMP nanoparticles demonstrates a distinctive absorp-
tion band within the near-infrared (NIR) region, which 
spans from 750 to 900 nanometers (Fig. S8).

The absorption intensity of APMP surpasses that of 
MXene, indicating its superior potential for efficient pho-
tothermal conversion (Fig. S8). Increasing the concentra-
tion of APMP results in a corresponding enhancement 
of ultraviolet (UV) absorption intensity (Fig.  2a). Fur-
thermore, the temperature of the APMP solution rises 
proportionally with laser power (Fig.  2b), demonstrat-
ing a linear correlation between laser power input and 
temperature elevation. This predictable and controllable 
photothermal conversion efficiency is critical for refining 
photothermal therapy strategies, particularly in achieving 
precise temperature regulation for targeted cancer thera-
pies. Additionally, the photothermal stability of APMP 
was confirmed through eight sequential heating and 
cooling cycles, which revealed no significant temperature 
variations (Fig.  2c). The ability to modulate the photo-
thermal properties of APMP enables adaptable treatment 
planning. In contrast, water exhibited only a minor tem-
perature increase of 2.5 °C (Fig. 2d), further highlighting 
the exceptional photothermal performance of APMP. 
While, photothermal therapy not only eradicates can-
cer cells but also elicits immunogenic responses through 
Immunogenic Cell Death (ICD) [44].

APMP nanoparticle cellular uptake dynamics and 
biocompatibility profiling
In this study, we employed bio-electron microscopy to 
investigate the cellular uptake of APMP nanoparticles 
in GL261 cells. Our observations revealed the presence 
of APMP nanoparticles within the lysosomal compart-
ments, indicating that these particles are internalized via 
lysosome-mediated endocytosis (Fig. 2e).

To evaluate the cytotoxic profile of the synthesized 
APMP or Au@Mxene@PVA nanoparticles, we executed 
CCK-8 assays for GL261 cells exposed to different con-
centrations of nanoparticles. The findings from the 
CCK-8 assays revealed no substantial cytotoxicity after 
24–48  h of exposure, thereby establishing the biosafety 

of APMP nanoparticles (Fig.  3a-c). The inherent bio-
safety is indispensable for their suitability in therapeutic 
interventions.

APMP enhance GBM radiosensitivity in vitro
Expanding upon prior studies that have underscored the 
radiosensitizing properties of Mxene [45], the integra-
tion of high atomic number (Z) elements, specifically 
gold (Au) and platinum (Pt), within the APMP struc-
ture is expected to enhance the therapeutic efficacy of 
radiotherapy by increasing its therapeutic index. The 
radiosensitizing capacity of APMP nanoparticles was 
substantiated by CCK-8 assays (Fig. 3d) and subsequently 
supported through cell colony formation assays. A dose-
dependent relationship is evident, suggesting a direct 
correlation between the concentration of APMP and the 
intensified toxic effects observed following radiotherapy 
in cells (Figs.  S9–S10). The optimal working concen-
tration of 0.4  mg/mL was chosen for subsequent cel-
lular investigations due to its ability to strike a balance 
between enhancing therapeutic effectiveness and miti-
gating potential adverse effects. Notably, the application 
of radiotherapy in conjunction with APMP resulted in a 
substantial decrease in cell colony formation rates when 
compared to the control group (Fig.  3e-f ). The cloning 
efficiency with X-ray irradiation alone is 56.40%, while 
the cloning efficiency with APMP plus radiation therapy 
(RT) is 10.43% and RER2Gy = 5.40. (RERxGy=SFxGy, control/
SFxGy, NP) [46]. Based on the sensitization enhancement 
ratio (SER) calculated via a multitarget single-hit model 
was 1.08 (Fig. S11), indicating the preferable radiosensiti-
zation effect of APMP.

Calcein-AM (green) and Propidium Iodide (PI; red) 
co-stained images were employed to substantiate the effi-
cacy of radiotherapy on Gl261 cells that had been incu-
bated with APMP nanocomposites following exposure to 
2 Gy of X-ray irradiation.

The control and APMP samples demonstrated an 
absence of appreciable red fluorescence. Conversely, 
the APMP combined with the RT group exhibited a 
substantially increased intensity of red fluorescence 
(Fig.  3g), suggesting the enhanced antitumor efficacy of 
APMP + RT. The results from the reactive oxygen species 
(ROS) assay offered further validation, demonstrating a 
statistically highly significant 2.6-fold augmentation in 
ROS production in the group treated with the combina-
tion of APMP and radiotherapy compared to radiother-
apy treatment alone (Fig. 3h-i).

Photothermal therapy (PTT) has emerged as a com-
plementary strategy for tumor management, primarily 
by exploiting light energy to induce localized heating, 
thereby mitigating hypoxia within the tumor microenvi-
ronment [47]. The live/dead cell staining assays revealed 
that the number of deceased cells in the APMP + PTT 
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Fig. 2  Optical properties of APMP nanocomposites. (a) UV-Visible-NIR absorption spectra of APMP nanosheets in different concentration. (b) The pho-
tothermal heating curves of the APMP-dispersed aqueous suspension at 10  mg/mL using different power densities. (c) Photostability of the APMP 
nanosheets in water under 808 nm laser irradiation for eight cycles. (d) The photothermal heating curves of pure water, APMP, and Cisplatin solution under 
irradiation using an 808 nm laser (1 W/cm2). (e) A TEM image of Gl261 cells incubated with APMP NPs, showing many NPs were observed in lysosomes
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Fig. 3  In vitro cell experiments. (a) Relative viabilities of GL261 cells after being incubated with various concentrations of APMP for 24 h and (b) 48 h. (c) 
Relative viabilities of GL261 cells after being incubated with various concentrations of Au@Ti3C2@PVA for 48 h. (d) Relative viabilities of GL261 cells treated 
by APMP (0.4 mg/mL) with or without RT (2 Gy). (e) Representive images of colony formation of Gl261 cells treated with PBS or APMP combined with or 
without RT (2 Gy). (f) Number of GL261 cell colonies in the colony-formation assay. (g) Fluorescence images of live (green) and dead (red) cells stained 
by Calcein-AM and PI after being treated with PBS or Ti3C2@Au with the X-irradiation or not. Scale bar, 100 μm. (h) Generation of ROS within GL261 cells 
with different pretreatment by fluorescence microscope observation. Scale bar, 100 μm. i) Calculation of mean fluorescence intensity (MFI) of ROS was 
detected by ImageJ based on DCFH-DA (green) as a probe. Error bars denote standard errors (n = 3). *P < 0.05,***P < 0.001, and ****P < 0.0001
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group was markedly elevated in comparison to the other 
groups (Fig.  S12). Concurrently, the clonogenic survival 
rate was markedly lower in the same group (Fig.  S13). 
The heightened cell mortality and diminished clonogenic 
survival in the APMP + PTT cohort suggest a potentia-
tion of PTT’s cytotoxic effects by APMP nanoparticles. 
This observation underscores APMP’s capacity to aug-
ment tumor ablation via photothermal therapy. Fur-
thermore, experimental evaluation of Reactive Oxygen 
Species (ROS) revealed a substantial increase in ROS 
generation in the APMP + Laser group, compared to the 
remaining groups, indicating the potential of APMP to 
function as a photosensitizer (Fig. S14). The production 
of reactive oxygen species (ROS) by Ti3C2 nanosheets can 
be primarily ascribed to the mechanism of photoexcited 
electron energy transfer from Ti3C2 to ground-state trip-
let oxygen (3O2) [48].

The results indicate that after four hours of irradiation, 
the expression of γ-H2AX in GL261 cells significantly 
increased in the AMPM + RT group compared to both 
the AMPM group and the RT group, as well as the con-
trol group. This suggests that the combination of AMPM 
and RT enhances DNA damage(Fig. 4a, b). Additionally, 
the induced apoptosis and necrosis after each treatment 
were evaluated (Fig.  4c, d), in which the proportion of 
apoptotic cells in the APMP + RT group of 15.52% was 
higher than that in the control group of 6.91%, verify-
ing the existence of cell apoptosis in this mode of treat-
ment. We conducted the DNA-neutral comet assay that 
detects DSBs at the individual cell level and analyzed 
comet formation under neutral conditions in Gl261 cells 
at 0.5  h after irradiation. The results showed that the 
tail moments in the APMP + RT group were longer than 
those in the control group (Fig. 4e, f ).

Subsequently, we assessed the hemolytic behavior of 
the drug formulation. Neither the phosphate-buffered 
saline (PBS) control nor the APMP group displayed any 
considerable hemolysis, whereas exposure to pure water 
led to appreciable hemolysis. Concomitantly, escalat-
ing the drug concentration does not exhibit a substan-
tial impact on hemolytic activity (Fig. S15). The absence 
of significant hemolysis in both PBS and APMP samples 
suggests a low propensity for red blood cell lysis, thereby 
implying the favorable hemocompatible properties of 
APMP nanoparticles.

APMP enhances radiotherapy and photothermal ablation 
of orthotopic glioblastoma in vivo
The combination of radiotherapy with hyperthermia 
has emerged as a promising strategy to enhance cancer 
therapy efficacy. Encouraged by the significant cytotoxic 
outcomes of radiotherapy and hyperthermia in vitro 
studies, our research aimed to investigate the potential 
synergistic benefits of integrating photothermal therapy 

with radiotherapy in an in vivo context. Our meticu-
lously designed in vivo experiments aimed to evaluate 
the therapeutic outcomes of APMP when combined with 
radiotherapy and photothermal treatment (Fig.  5a). To 
evaluate the therapeutic efficacy, tumor-bearing mice 
were allocated into four distinct groups: a control group, 
a group receiving APMP (Unless specifically indicated, 
all administration methods for APMP are via intrave-
nous injection through the tail vein) and radiotherapy 
(APMP + RT), another group receiving APMP and photo-
thermal therapy (APMP + PTT), and a group undergoing 
a combination of APMP, radiotherapy, and photothermal 
therapy (APMP + RT + PTT). The experimental findings 
demonstrate a marked enhancement in tumor growth 
suppression when APMP is administered in conjunc-
tion with radiotherapy, as compared to the control group 
receiving solely APMP. This observation implies that 
APMP potentiates radiotherapy’s efficacy. Most nota-
bly, the group subjected to the triple therapy combin-
ing radiotherapy, photothermal treatment, and APMP 
(APMP + RT + PTT) exhibited the most substantial tumor 
regression. This result indicates a synergistic therapeutic 
response, where the collective action of these treatment 
modalities exceeds their individual effects, leading to an 
improved anticancer outcome (Figs. 5b, c and S16).

Upon completion of diverse therapeutic interventions, 
the mice were euthanized compassionately to enable sub-
sequent histological analysis. Specifically, Hematoxylin 
and Eosin (H&E) staining, a conventional histopathologi-
cal method, was employed to visualize cellular architec-
ture and evaluate tissue preservation. Remarkably, the 
cohort subjected to a concomitant regimen of radiother-
apy, hyperthermia, and APMP displayed a considerable 
degree of tumor cell necrosis. Conversely, the remain-
ing groups manifested minimal or no discernible tissue 
injury, thereby emphasizing the significant therapeutic 
advantage of the combined treatment strategy (Fig.  5e). 
To further investigate cell proliferation and apoptosis 
in tumor tissues, we employed immunohistochemi-
cal staining for Ki-67, a nuclear protein associated with 
cellular proliferation, and the TUNEL assay for detect-
ing DNA fragmentation in apoptotic cells. The experi-
mental findings lend substantial support to the efficacy 
of the APMP-driven treatment approach in suppressing 
tumor growth. A notable decrease in the proliferation 
index, as evidenced by Ki-67 staining, was observed in 
tumors excised from mice subjected to the triple com-
bination therapy, thereby demonstrating a robust sup-
pression of cellular division and expansion within the 
tumor microenvironment. Conversely, the TUNEL 
assay demonstrated an augmented level of apoptosis, 
with a conspicuous increase in apoptotic cells within the 
tumor tissue of the treatment group (Fig. 5e). The com-
bined treatment approach demonstrated a reduction in 



Page 11 of 17Zhu et al. Journal of Nanobiotechnology          (2025) 23:203 

Fig. 4  In vitro cell experiments. (a) Representative fluorescence images and (b) quantification of γ-H2AX foci immunostaining in Gl261 cells with various 
treatment. (c–d) Flow cytometry analysis of apoptosis of Gl261 cells after different treatments. (e) Gl261 cells with various treatment were collected at 
the indicated time after 6 Gy irradiation for the neutral comet assay. (f) CASP-Comet Assay software was used to analyze the tail moment. (n = 5; scale 
bar: 50 μm)
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Fig. 5  APMP combination with radiotherapy for treatment of mouse glioblastoma. (a) Treatment schedule of Gl261-Luc bearing tumor mice treated with 
various formulations. (b) In vivo representative bioluminescence images showing glioblastoma of intravenously injected GL261-luciferase tumor cells in 
mice on days 0, 7,14, and 21 according to the treatment schedule. (n = 3). (c) Quantitative bioluminescence Imaging of Mice. (d) Relative Weight Change 
Curve of Mice Post-Radiotherapy. (e) Representative images of tumor sections stained with H&E, TUNEL, and Ki-67. Mice were euthanized following 
the 14-day treatment period, and tumors were harvested, sectioned, and stained with H&E, TUNEL, and Ki-67. Scale bar, 100 μm. (I-IV represent control, 
APMP + PTT, APMP + RT, and APMP + RT + PTT respectively)
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Fig. 6 (See legend on next page.)

 



Page 14 of 17Zhu et al. Journal of Nanobiotechnology          (2025) 23:203 

proliferation and an increase in apoptosis, highlighting its 
efficacy in disrupting tumor growth and viability. These 
results not only confirm the therapeutic potential of 
APMP in conjunction with radiotherapy and hyperther-
mia but also emphasize the importance of a synergistic 
therapeutic strategy in producing significant anti-tumor 
effects. The histological evidence of tumor cell necrosis, 
along with immunohistochemical markers indicating 
decreased proliferation and increased apoptosis, collec-
tively support the enhanced efficacy of integrating APMP 
with established cancer treatment modalities.

In nanomedicine, the assessment of in vivo toxicity is 
paramount. As such, when investigating the prospective 
applications of APMP in living organisms, its biocom-
patibility becomes a major focus. To address this, we 
undertook an extensive evaluation of the in vivo toxic-
ity of APMP-based nanotherapeutics. A critical prelimi-
nary indicator of safety is the impact on body weight, 
which we closely monitored in various mouse cohorts. 
The observed minimal fluctuations in body weight indi-
cated a seemingly innocuous in vivo safety profile for 
APMP nanotherapeutics (Fig. 5d). The initial observation 
signifies an encouraging outcome, suggesting minimal 
systemic toxicity and the absence of substantial adverse 
effects on general health associated with APMP adminis-
tration. To comprehensively evaluate its long-term safety 
profile, a 21-day treatment regimen was conducted on 
both healthy rodents and those subjected to radiother-
apy-hyperthermia. Upon completion of the treatment 
period, the animals were humanely euthanized, followed 
by an exhaustive histopathological examination. Utiliz-
ing Hematoxylin and Eosin (H&E) staining, we exam-
ined the morphological integrity of multiple vital organs. 
These assessments yielded no observable tissue damage 
or pathologic alterations, thereby indicating that APMP 
does not induce appreciable organ toxicity or archi-
tectural disturbances (Fig.  S17). Given the intensified 
scrutiny and rigorous prerequisites for in vivo usage of 
nanomaterials, this study underscores the indispensable 
need for comprehensive toxicity evaluations. It is vital 
to assess the safety of nanomedicines not solely based 
on acute adverse reactions but also to contemplate pos-
sible long-term consequences. Our investigation con-
tributes to this objective by offering insightful data on 
the safety profile of APMP nanotherapeutics. Ultimately, 
our findings indicate a conspicuous absence of signifi-
cant potential toxicity associated with APMP nano-
medicine. The absence of significant alterations in body 

mass, along with the absence of histological evidence for 
organ damage, suggests that APMP exhibits a favorable 
in vivo safety profile. Nevertheless, this observation con-
stitutes only one component of a comprehensive assess-
ment. It is crucial to address additional safety concerns 
in subsequent investigations, including immunogenic-
ity, genotoxicity, and the potential for tissue-specific 
accumulation. Although this small-scale experimental 
study demonstrates promising results, further long-term 
and large-scale investigations are necessary to com-
prehensively evaluate the overall toxicity and potential 
side effects, as well as to facilitate the translation of this 
approach into clinical applications [49].

APMP combined with radiotherapy and hyperthermia 
enhances GBM immune abscopal effect
Immune checkpoint blockade (ICB)-based immunother-
apy is a revolutionary approach that directly eliminates 
tumor cells through host-adaptive antitumor immu-
nity [50]. However, the response rate of glioblastoma 
patients to ICB therapy is notably low [51]. Previous 
research has established that local treatment of tumors 
exposes a variety of tumor antigens, potentially affect-
ing tumors at distant sites [52, 53]. Combined with the 
extraordinary potential of nanodrugs in enhancing local 
responses, we speculate that APMP may also affect the 
pre-metastatic immune microenvironment to suppress 
tumor metastasis. Based on these findings, we explored 
the potential of APMP-based radiotherapy-directed PTT 
to eradicate metastatic tumors by stimulating the sys-
temic adaptive immune response of organisms in com-
bination with immune checkpoint blockade (Fig.  6a). 
After injecting APMP and irradiating with an 808  nm 
laser, the temperature increased by 27.17  °C, which was 
significantly higher than the 12.13  °C increase observed 
in the PBS group (Fig. 6b, c). The combination of αPD-1 
and APMP + RT + PTT greatly suppressed distant tumor 
growth compared to treatment with APMP + RT + PTT 
or αPD-1 alone in Gl261 tumor bearing mice (Fig. 6g). A 
decrease in IL-6 levels may indicate an enhanced immune 
response to tumor cells or pathogens following treatment 
(Fig.  6d). The cytokine secretion, including TNF-α and 
IFN-γ in serum, was correspondingly increased upon the 
combination treatment (Fig.  6e, f ), indicating a robust 
antitumor immune response. The combination therapy 
promoted the infiltration of CD4 + T and CD8 + T cells-
cells (Fig. 6h and Fig. S17) in primary tumors and distant 
tumors. In contrast, the tumoral infiltration of regulatory 

(See figure on previous page.)
Fig. 6  Synergistic effects of radiotherapy combined with PTT, APMP and αPD-1 checkpoint blockade. (a) A scheme of evaluation of the therapeutic ef-
fect on distant tumor. (b) Photothermal images and (c) Histogram of temperature changes across various treatment groups. (d–f) The proinflammatory 
cytokines IL-6, IFN-γ and TNF-α in primary tumor were analyzed by ELISA on the 21th day post-treatment. (g) Tumor growth curves of distant tumors. (h) 
IHC of Foxp3, CD4, CD8 of primary tumor collected from mice in different groups on day 21, scale bar: 50 μm. Data were presented as mean ± SD (n = 3), 
*p < 0.05; **p < 0.01; ***p < 0.001. (I-IV represent PBS, α-PD1, APMP + RT + PTT, and APMP + RT + PTT + α-PD1 respectively)



Page 15 of 17Zhu et al. Journal of Nanobiotechnology          (2025) 23:203 

T cells (Foxp3 + T cells, namely Tregs), which repre-
sent the immunosuppressive tumor microenvironment, 
dramatically decreased upon combination treatment 
(Figs. 6h and S18).

Overall, the integration of APMP and PTT targeted by 
radiotherapy with immunotherapy showed significant 
promise in the treatment of recurrent glioblastoma. Con-
sequently, future research may focus more on the devel-
opment of functional nanocarriers that aim to achieve 
both targeted delivery and enhanced therapeutic effects 
based on the tumor microenvironment (TME).

The study’s findings accentuate the potential of APMP 
as a multimodal therapeutic compound. The augmented 
antitumor efficacy witnessed in the combined treatment 
of APMP, radiotherapy, and near-infrared (NIR) irradia-
tion underscores the importance of employing integra-
tive strategies in cancer management. By capitalizing on 
the unique attributes of APMP to potentiate both radio-
therapy and photothermal therapy, a compelling pathway 
for designing more efficacious therapeutic regimens has 
emerged. The preliminary results lay a robust foundation 
for investigating the underlying mechanisms governing 
the observed synergistic response. Future investigations 
must concentrate on elucidating the molecular and cel-
lular processes that underpin APMP’s enhancement of 
radiotherapy and photothermal therapy’s effectiveness. 
Furthermore, an extensive assessment of the long-term 
safety and biocompatibility of APMP in vivo is crucial for 
its successful translation into clinical practice. In sum-
mary, our in vivo studies have demonstrated the sub-
stantial potential of APMP in augmenting the efficacy of 
radiotherapy and photothermal therapy synergistically. 
The enhanced antitumor effects in subjects treated with 
APMP in combination with radiotherapy and photother-
mal therapy emphasize the promise of multimodal thera-
peutic strategies in cancer management. Ongoing efforts 
to optimize APMP and related nanocomposites pave the 
way for a novel paradigm in cancer therapy, characterized 
by heightened efficacy, precision, and reduced adverse 
effects.

Conclusion
In this study, we engineered a multifunctional nanomedi-
cine, Au-Pt@Mxene@PVA (APMP), by leveraging the 
extensive surface area of Mxene to anchor gold nanorods 
(Au) and cisplatin. This innovative design significantly 
enhances the efficacy of radiotherapy and photothermal 
therapy (PTT), leading to effective tumor cell ablation 
and substantial improvements in the tumor microenvi-
ronment (TME). The synergistic combination of radio-
therapy sensitization, cisplatin-mediated chemotherapy, 
and αPD-1 amplification induces a robust immunogenic 
cell death (ICD) effect, providing a spatiotemporally 
coordinated approach with enhanced efficacy and safety 

compared to conventional therapies.The most signifi-
cant findings of this study include the demonstration of 
APMP’s ability to generate substantial reactive oxygen 
species (ROS), modulate the tumor microenvironment 
(TME), and achieve targeted tumor ablation with mini-
mal off-target effects. These results underscore APMP as 
a highly promising platform for advanced cancer thera-
pies, particularly in the context of combined treatment 
strategies. Looking ahead, future research should focus 
on optimizing the scalability and stability of APMP under 
physiological conditions, as well as conducting long-term 
in vivo studies to evaluate its toxicity and therapeutic 
outcomes. Additionally, efforts should be directed toward 
engineering functional nanocarriers that further enhance 
targeted drug delivery and TME modulation. These steps 
will be critical for translating this innovative nanoplat-
form into clinical applications and advancing its potential 
for treating advanced cancers.
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