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Abstract 

Background  Targeted alpha therapy (TAT) has emerged as a promising strategy for cancer treatment by selectively 
delivering high linear energy transfer (LET) alpha-emitters to tumor cells while minimizing off-target toxicity. How‑
ever, the clinical translation of alpha-emitters, particularly radium-223 (223Ra), remains challenging due to inefficient 
targeted delivery and uncontrolled release of recoil daughter products, leading to systemic toxicity.

Methods  Herein, a dual-locked pretargeted strategy was developed integrating platinumIV (PtIV)-loaded hydrogel 
nanoparticles (HNPs) (HAQ@HNPs) and 223Ra-loaded HNPs (223Ra@HNPs) into an inverse electron demand Diels–Alder 
(IEDDA)-activated drug delivery system. In vitro cytotoxicity, ROS, and apoptosis, together with in vivo biodistribution, 
imaging, and therapeutic studies, were performed to evaluate the therapeutic efficacy and immune activation.

Results  This caged dual-locked approach enables precise pretargeted accumulation at the tumor site, followed 
by rapid dissociation and controlled release of 223Ra and PtIV upon IEDDA-triggered activation, thereby ensuring 
high tumor specificity while minimizing systemic exposure. The synergistic combination of TAT and chemotherapy 
effectively disrupts redox homeostasis, induces immunogenic cell death (ICD), and elicits a robust antitumor immune 
response. Furthermore, when combined with programmed death-ligand 1 (PD-L1) blockade, this strategy significantly 
enhances systemic antitumor immunity, leading to robust inhibition of tumor growth and metastasis.

Conclusions  These findings underscore the potential of dual-locked pretargeted strategies to advance TAT 
by improving therapeutic efficacy and addressing the critical challenge of radionuclide leakage, paving the way 
for next-generation precision-targeted radiopharmaceuticals.
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Background
Targeted alpha therapy (TAT), which has unique advan-
tages and is unaffected by the resistance typically seen 
in the majority of other tumor treatments, has gained 
popularity in recent years [1]. Specifically, alpha-par-
ticles are helium nuclei composed of 2 protons and 2 
charged neutrons, with a high linear energy transfer 
(LET) of 50–230 keV/μm [2] and a high relative biologi-
cal effectiveness (RBE) [3]. Moreover, alpha-particles 
can limit excessive radiation exposure because of their 
very short distances (50–100 µm), which allows them to 
eliminate only the cancer cells while preserving as much 
healthy tissues as possible [4]. It is worth mentioning that 
radium-223 chloride (223RaCl2, Xofigo®, Bayer, Germany) 
was approved in 2013 as the first alpha-particle radiop-
harmaceutical for clinical use. The physical half-life of 
223Ra is 11.4 d, and its decay emits high-energy alpha-
particles with a short range (< 100 μm), which has great 
clinical application potential [5]. 223Ra, due to its osteo-
philic characteristics, is often used to treat patients with 
metastatic castration-resistant prostate cancer (mCRPC) 
[6]. However, radium, as an alkaline earth metal, poses 
challenges for chelation reactions of Ra2+ in aqueous 
solutions [7]. The development of novel radiopharmaceu-
ticals that can target other non-osseous solid tumors is 
still hampered by the enormous difficulty of labeling bio-
logical carriers with 223Ra.

To stabilize anchor 223Ra for precise tumor target-
ing, various liposomes, polymers, or particles based on 
metals or inorganic substances, such as zeolites [8, 9], 
hydroxyapatite [10–12], titanium dioxide (TiO2) [13], 
alpha-zirconium phosphate (α-ZrP) [14], superparamag-
netic iron-oxide (SPION) [15], single-atom nanozymes 
[16], and layered double hydroxide (LDH) [17], have 
been studied for use in nuclear medicine. In addition 
to the inherent difficulty of fixing 223Ra within carriers, 
its long decay chain generates four daughter radionu-
clides, radon-219 (219Rn), polonium-215 (215Po), lead-211 
(211Pb), and thallium-207 (207Th), that possess high recoil 
energies. These recoil events can break chemical bonds 
and lead to the redistribution of radioactive daughters 
within the body [18]. Therefore, the development of 
innovative radiopharmaceuticals based on 223Ra require 
achieving precise tumor-targeting capabilities and reduc-
ing the leakage of daughter radionuclides. Recent studies 
pointed out that nanoparticles provided precise tumor 
targeting, improved radionuclide retention as well as 
resistance to daughter recoils redistribution, when com-
pared to small molecules [19, 20]. Among radionuclide 
nanoparticle-carriers, hydrogel stood out due to their 
unique water solubility, excellent biocompatibility, and 
tumor retention [21]. Besides, it is believed that com-
bining active targeting techniques with the enhanced 

permeability and retention (EPR) effect of nanomaterials, 
which are capable of precisely identifying and attaching 
to tumor cells, is essential to improving the accuracy and 
therapeutic efficacy of 223Ra-based radiopharmaceuticals 
[22, 23]. Therefore, 223Ra carrier platforms with enhanced 
targeting specificity and improved radionuclide encapsu-
lation, developed under this strategy, should be actively 
pursued.

Fortunately, a novel tumor treatment strategy termed 
“dual-locked” served as the conceptual basis for our ther-
apeutic design, which could only be unlocked to activate 
therapy based on dynamic covalent linkages. This strat-
egy requires 2 distinct triggers, typically biological rec-
ognition and chemical activation, for therapeutic release, 
which greatly reduces premature leakage and systemic 
side effects [24, 25]. However, the development of dual-
locked strategy was relatively lacking in nuclide delivery 
on cancer treatment, particularly with alpha-emitting 
isotopes. It was an attractive direction to develop a dual-
locked strategy toward nuclide delivery to enhance the 
tumor accumulation and induce damage to normal tis-
sues. Notably, pretargeted strategy based on the inverse 
electron demand Diels–Alder (IEDDA) reaction has 
been shown to enhance radiopharmaceuticals uptake in 
tumors by achieving in situ self-assembly [26, 27]. How-
ever, enhancing radionuclide accumulation at tumor sites 
by intelligent control of radionuclide release presents sig-
nificant challenge. Adoption of an ideal stimuli-respon-
sive building block would be the key to achieving this 
goal. To address this, we proposed that the 2-hydroxy-
5-methyl-1,3-phenylenedimethanol motif as a building 
block could engineer the benzylic positions symmetri-
cally with drug/targeting moieties through carbonate 
linkages [28]. Under this design, the caged drug/target-
ing moieties could be strictly released simultaneously in 
a 1:1 mode through self-immolation procedures based 
on elimination by an electronic cascade, meanwhile with 
much less substrate-dependent kinetics. Once the cycli-
zation of a molecule (1,4-electron elimination self-immo-
lation procedures) was activated by the IEDDA reaction, 
the caged-molecular fragment would be released, result-
ing in cleavage (self-immolation) [29]. On the basis of 
this concept, selecting an appropriate polymer molecule 
as hydrogel coating could be used to protect the radio-
nuclide from premature leakage in the blood circulation. 
Polyethylene glycol (PEG) has attracted our attention due 
to its excellent properties such as biodegradability, bio-
compatibility, and encapsulation properties [30]. This 
caged dual-locked strategy provided a promising per-
spective for enhancing the tumor targeting of radionu-
clides and reducing leakage.

Clinically, the broader application of 223Ra remains lim-
ited by its chemical inertness as an alkaline earth metal, 
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which complicates stable coordination chemistry, and by 
the lack of efficient delivery systems capable of target-
ing non-osseous tumors. To address these challenges, we 
designed an IEDDA reaction-based dual-locked pretar-
geting system for 223Ra, enabling precise tumor accumu-
lation and minimizing radionuclide leakage.

Materials and methods
Synthesis of oxaliplatin prodrug [platinumIV (PtIV)]
The mixture contained oxaliplatin and 100  ml of 30% 
hydrogen peroxide (H2O2) was stirred at 60 ℃ over 6 h, 
then the clear solution was freeze-dried to obtain white 
powder. Put the white powder into dimethyl sulfoxide 
(DMSO) containing excessive succinic anhydride. The 
mixture was allowed to react at room temperature for 
12 h, then PtIV as white powder was obtained by freeze-
dried the clear solution [31].

Synthesis of self‑immolating molecule
Biotin-PEG-NH2 (average molecular weight = 1000  Da) 
and triethylamine (TEA) were injected into compound 7 
(the synthesis of compound 7, details in Additional file 1: 
Methods) in anhydrous N,N-dimethylformamide (DMF) 
using a syringe over a period of 15  min. The resulting 
mixture was allowed to equilibrate to room temperature 
and maintained for 12 h. The clear solution was freeze-
dried to remove solvent. Subsequently, the reaction 
mixture was diluted with ethyl acetate, and purified by 
column chromatography (CH2Cl2:CH3OH from 100:1 to 
10:1) to collect red mobile phase to yield self-immolating 
molecule.

Synthesis of PtIV‑loaded hydrogel nanoparticles (HNPs) 
with HAQ [hyaluronic acid (HA) with bicyclo[6.1.0]nonyne 
(BCN)] (HAQ@HNPs)
The blank nanohydrogels with carboxyl groups (HNPs-
COOH) were synthesized according to previously 
reported methods [32]. Span 80 and Tween 80 were 
dissolved in cyclohexane, followed by the addition of 
a mixed solution containing poly (ethylene glycol) dia-
crylate (PEGDA), water, and 2-carboxyethyl acrylate. The 
resulting mixture was transformed into an emulsion solu-
tion through ultrasonication for 2 min. Subsequently, the 
photoinitiator 2-hydroxy-2-methylpropiophenone was 
incorporated into the emulsion. The reaction was carried 
out under magnetic stirring at 800 rpm using a 365 nm 
longwave ultraviolet (UV) lamp for 3  h, all while being 
protected by nitrogen. The blank HNPs were collected 
via centrifugation at 12,000 rpm and washed 3 times with 
ethanol and water. Pt@HNPs were prepared by mixing 
PtIV and blank HNPs for 4 h under dark conditions, and 
collected by centrifugation at 12,000  rpm and washed 
3 times with water, then the nanoparticle solution was 

freeze-dried to obtain dry Pt@HNPs. N-hydroxysuccin-
imide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC), 4-dimethylaminopyridine (DMAP; 
catalytic amount), and dry Pt@HNPs were dissolved in 
DMF. The mixture was stirred at room temperature for 
15  min under argon protection. HAQ (2  mg) was then 
added and the resulting solution was stirred overnight at 
room temperature under argon protection. The HAQ@
HNPs were collected by centrifugation (12,000 rpm) and 
washed 3 times with ethanol and water.

Synthesis of Ba@HNPs
Firstly, the blank nanohydrogels with amino groups 
(HNPs-NH2) were synthesized referring to the syn-
thetic method of HNPs-COOH. The difference between 
the two approaches is that 2-carboxyethyl acrylate was 
replaced by 1-amino-3-butene hydrochloride. Ba-HNPs 
were prepared by mixing Ba2+ and blank HNPs for 4  h 
under dark conditions, and collected by centrifugation at 
12,000 rpm and washed 3 times with water. NHS, EDC, 
and Ba-HNPs were dissolved in H2O. The mixture was 
stirred at room temperature for 30 min. Self-immolating 
molecule (2 mg) was then added, and the resulting solu-
tion was stirred overnight at room temperature under 
argon protection. The Ba@HNPs were collected by cen-
trifugation (12,000 rpm) and washed 3 times with etha-
nol and water.

Synthesis of 223Ra‑loaded HNPs (223Ra@HNPs)
The synthesis procedure is comparable to that of Ba@
HNPs, with the exception that 223Ra2+ is produced using 
a 223RaCl2 solution. The stability of 223Ra@HNPs was 
evaluated using paper chromatography on Whatman 
No. 1 filter paper. Samples were incubated in phosphate-
buffered saline (PBS) or 10% fetal bovine serum (FBS) at 
37 °C for varying durations (0, 6, 12, and 24 h), followed 
by radioactivity measurement using a γ-counter.

In vitro cytotoxicity assay
B16/F10 cells, Lewis lung carcinoma (LLC) cells, or human 
umbilical vein endothelial cells (HUVECs) were obtained 
from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). Different cells (5 × 103 cells/well) were 
seeded in 96-well plates and incubated with varying con-
centrations of PtIV, free 223Ra, HAQ@HNPs, 223Ra@HNPs, 
and HAQ/223Ra@HNPs (PtIV-loaded HNPs with HAQ and 
223Ra-loaded HNPs with self-immolating molecule) for 
24 h. The drug concentrations were adjusted to maintain 
a consistent PtIV or 223Ra content across relevant groups. 
After incubation, cell counting kit-8 (CCK-8) solution was 
added, and absorbance at 450  nm was measured using a 
microplate reader to assess cell viability.
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Endoplasmic reticulum (ER) morphology analysis
B16/F10 cells were treated with the same conditions as 
above for 24  h. Cell samples were initially fixed in 2.5% 
glutaraldehyde and subsequently post-fixed in buff-
ered 1% osmium tetroxide. They were then dehydrated 
through a graded series of acetone and embedded in 
Epon resin. Ninety-nanometer-thin sections were cut 
using a Leica EM UC6 ultramicrotome (Leica Microsys-
tems, Wetzlar, Germany). The sections were stained with 
a saturated solution of uranyl acetate and lead citrate. 
Images were captured using a Hitachi transmission elec-
tron microscopy (TEM) system (Hitachi High-Technolo-
gies Corporation, Tokyo, Japan).

Animal tumor model
Female C57BL/6 mice (4–5  weeks old, n = 175) were 
purchased from Shanghai Jihui Laboratory Ani-
mal Breeding Co., Ltd. (Shanghai, China; license No. 
SCXK[Hu]2022-0009) and housed under standard labo-
ratory conditions. All animal procedures were approved 
by the Institutional Animal Care and Use Committee of 
Shanghai Tenth People’s Hospital (SHDSYY-2023-0746).

Biodistribution, dosimetry, and digital autoradiography 
(DAR) study
Tumor-bearing C57BL/6 mice received an intra-tumoral 
injection when the tumor diameter reached approxi-
mately 100 mm3. As for biodistribution study of free 
223Ra, 223Ra@HNPs, and HAQ/223Ra@HNPs, organs 
including tumor, heart, liver, spleen, lungs, kidneys, 
stomach, large intestines, small intestines, bone, mus-
cle, brain, blood, and tail were extracted to weigh and 
quantified radioactivity using a γ-counter, the corre-
sponding radioactivity concentrations (%ID/g) were cal-
culated. When calculating tumor-to-organ uptake ratios, 
another panel of mice models were conducted at multi-
ple time points (2, 6, 12, 24, 48, and 72 h) following free 
223Ra and HAQ/223Ra@HNPs injection, covering organs 
including tumor, heart, liver, spleen, lungs, kidneys, 
small intestines, and bone. Based on these corresponding 
radioactivity concentrations, these data were fitted using 
MATLAB (R2022b, MathWorks, Natick, MA, USA) to 
generate time-activity curves, from which the area under 
the curve was calculated to estimate the time-integrated 
activity (TIA). Absorbed dose was then estimated using 
the medical internal radiation dose (MIRD) formalism via 
the MIRDcalc software (https://​mirds​oft.​org/​mirdc​alc). 
As for DAR study, at 72 h post-administration, the tumor, 
kidney, and liver tissues were harvested and immediately 
embedded in optimal cutting temperature (OCT) com-
pound, snap-frozen in liquid nitrogen, and sectioned at 
8–10 μm thickness using a cryostat. The frozen sections 

were then subjected to DAR to assess the intratissue dis-
tribution of radioactivity.

In vivo antitumor study and immune response analysis
B16/F10 cells or LLC cells (1 × 106 cells per dish) were 
subcutaneously injected into the right flanks of C57BL/6 
mice. When tumors reached 50–100  mm3, mice were 
randomly divided into 6 groups: control, PtIV, free 
223Ra, HAQ@HNPs, 223Ra@HNPs, and HAQ/223Ra@
HNPs. Tumor size and body weight were meas-
ured every 2 d. Tumor volume was calculated as: vol-
ume = width2 × length/2. After 10  d of treatment, mice 
were euthanized, and major organs (heart, liver, spleen, 
lungs, and kidneys) were collected for histopathological 
examination using hematoxylin and eosin (H&E) stain-
ing. Blood samples were analyzed for liver and kidney 
function markers and complete blood count parameters 
to assess systemic toxicity.

For immune response analysis, after 7  days of treat-
ment, tumors were harvested and processed into single-
cell suspensions. Immune cell populations were analyzed 
by flow cytometry (FCM) using fluorescently labeled 
antibodies targeting CD45, CD3, CD4, CD8, forkhead 
box P3 (FOXP3), CD11c, CD80, and CD86. Data were 
acquired via FCM and analyzed using FlowJo software 
(FlowJo LLC, BD Biosciences, Ashland, OR, USA).

In vivo combination therapy in a bilateral tumor model
To evaluate systemic antitumor effects, B16/F10 cells 
were inoculated bilaterally (1 × 106 cells in the left flank) in 
C57BL/6 mice. When the tumor size reached 50–100 mm3 
(after 7 d), the mice were randomly grouped for treatment, 
including 8 groups [control, anti programmed death-ligand 
1 (PD-L1), HAQ@HNPs, HAQ@HNPs + anti PD-L1, 
223Ra@HNPs, 223Ra@HNPs + anti PD-L1, HAQ/223Ra@
HNPs, and HAQ/223Ra@HNPs + anti PD-L1]. Treatments 
were administered on day 0 (or days 0, 2, 4), and then addi-
tional B16/F10 cells (1 × 106 cells) were implanted in the 
right flank to simulate metastatic lesions on day 8. Tumor 
growth and body weight were monitored every other day. 
Single-cell suspensions from distant tumors and spleens 
were analyzed for memory and activated T cells via FCM.

Statistical analysis
Statistical tests were performed using GraphPad Prism 
9. Data are presented as mean ± standard deviation (SD). 
One-way or two-way ANOVA followed by Tukey’s or 
Bonferroni’s post hoc test was used for pairwise com-
parisons, or Student’s t-test was applied for two-group 
analyses. P < 0.05 was considered to indicate statistical 
significance.

https://mirdsoft.org/mirdcalc
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Results
Preparation and characterization of a pretargeted delivery 
system (HAQ@HNPs)
Nano-hydrogel was selected as the main delivery plat-
form to construct pretargeted delivery system. HAQ@
HNPs were synthesized by photocrosslinking reac-
tion. PEGDA (molecular weight 400–600 Da) and water 
formed nanoemulsions in oil with the help of surfactants, 
which were then irradiated with UV light in the presence 
of the photoinitiator 2-hydroxy-2-methylpropiophenone 
to obtain HNPs. Next, water-soluble oxaliplatin prod-
rug (PtIV) was synthesized according to the reported 
method [33] and characterized by 1H-nuclear magnetic 
resonance (1H-NMR) and electrospray ionization mass 

spectrometry (ESI–MS). Amino-groups in PtIV were 
identified from a characteristic peak at δ8.37–δ8.14 ppm 
in 1H-NMR spectrum (Fig.  1a). ESI–MS spectrum 
showed a characteristic peak corresponding to [M-H]− 
at m/z 532.9843 (Additional file 1: Fig. S1), jointly prov-
ing that PtIV was successfully synthesized. The HNPs 
(PtIV@HNPs) were synthesized through the mixture 
between HNPs and PtIV, which could reduce glutathione 
(GSH) level by valence state conversion from PtIV to PtII 
(oxaliplatin) [34–36]. Compared with HNPs-COOH, the 
hydrodynamic diameter of PtIV@HNPs increased about 
20  nm (Fig.  1b), and the zeta potential decreased up to 
–14.81  mV (Fig.  1c). HAQ@HNPs were prepared by 
modifying HAQ on the surface of PtIV@HNPs through 

Fig. 1  Characterization of pretargeted delivery system HAQ@HNPs. a 1H-NMR spectra of PtIV. b DLS result of HNPs-COOH, PtIV@HNPs, and HAQ@
HNPs. c Zeta potential value of HNPs-COOH, PtIV@HNPs, and HAQ@HNPs. d Infrared spectrum of BCN, HA, and HAQ. e 1H-NMR spectra of HA 
and HAQ. f UV–vis absorption spectra of HAQ, PtIV, HNPs-COOH, PtIV@HNPs, and HAQ@HNPs. g TEM images of HNPs-COOH, PtIV@HNPs, and HAQ@
HNPs. Scale bar = 200 nm. Data are expressed as mean ± SD. 1H-NMR 1H-nuclear magnetic resonance, DLS dynamic light scattering, UV–vis 
ultraviolet–visible, TEM transmission electron microscopy, SD standard deviation, HNPs-COOH carboxyl group-modified nanoparticles, PtIV@HNPs 
PtIV-loaded hydrogel nanoparticles, HAQ@HNPs PtIV-loaded hydrogel nanoparticles with HAQ, BCN bicyclo[6.1.0]nonyne, HA hyaluronic acid, HAQ 
BCN-modified HA, PtIV platinumIV
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ester bridge. HAQ was synthesized by esterification 
between bicyclo[6.1.0]nonyne (BCN) and hyaluronic 
acid (HA) under catalysis of EDC. The successful cou-
pling of HAQ was proved by Fourier transform infrared 
spectroscopy (FTIR) and 1H-NMR. Compared with the 
FTIR spectra of HA, the peak at 2127.85 cm−1 appeared 
(Fig. 1d), which was attributed to C≡C stretching vibra-
tion of BCN. As shown in Additional file 1: Fig. S2, the 
characteristic signals of HA were found in the 1H-NMR 
of HAQ at δ3.83 to δ3.34  ppm. Meanwhile, methylene 
hydrogens in HAQ were identified from a series of peaks 
from δ3.34 to δ2.85  ppm (1H-NMR spectrum), which 
belonged to the characteristic signals of BCN (Fig. 1e and 
Additional file 1: Fig. S2). Jointly, these results proved the 
successful synthesis of HAQ. Furthermore, the UV–vis 
spectrum showed that the fingerprint red-shift (8  nm) 
spectral peak observed at 292 nm for HAQ@HNPs was 
consistent with HAQ (284  nm), validating the success-
ful preparation of HAQ@HNPs (Fig.  1f ). TEM images 
presented a uniform spherical morphology of HAQ@
HNPs with a size of approximately 300  nm in diameter 
(Fig.  1g), which was smaller than the result calculated 
from the dynamic light scattering (DLS) measurement 
with an average size of 350 nm, attributing to the adhe-
sion effect of hydrogel. Moreover, the element mapping 
images exhibited an even distribution of carbon and plat-
inum in HAQ@HNPs (Additional file  1: Fig. S3), which 
co-revealed the successful load of PtIV. Compared with 
HNPs-COOH and PtIV@HNPs, the surface of HAQ@
HNPs became blurred and rough (Fig.  1g). And after 
the modification of HA, the zeta-potential decreased 
from −14.81 to −16.11  mV, indicating the successful 

modification of HA (Fig. 1c). The change of the particle 
size indicated that the nano-hydrogel was relatively sta-
ble during 7 d (Additional file 1: Fig. S4).

Preparation and characterization of targeted delivery 
system (223Ra@HNPs)
Preparation and characterization of self‑immolating 
molecule
Active targeted drug delivery system consists of 2 main 
parts: self-immolating molecule and nanocavity with 
radium. The cresol derivatives with substituents at ortho-
benzylic positions could release 2 reactive termini simul-
taneously through a 1,4-electron elimination [34]. This 
tetrazine unit served as a handle to couple with strained 
dienophiles BCN through the highly efficient IEDDA 
reactions to induce self-immolating process. Once 
IEDDA reactions mediated by tetrazine occurred, a cycli-
sation step would occur to give the cresol derivatives with 
substituents at ortho-benzylic ends as the intermediate. 
Then, through a bidirectional 1,4-electron elimination, 
the self-immolating molecule would cleave the protec-
tive layer for Ra. As shown in Fig.  2, self-immolating 
molecule was synthesized via 7 chemical reaction steps, 
characterized by 1H/13C-NMR spectroscopy and ESI–
MS as outlined in Additional file 1: Figs. S5-S11. Briefly, 
precursor compound 7 was synthesized in 6 steps from a 
2,6-bis(hydroxymethyl)-p-cresol (compound 1) via trans-
esterification reaction. As exhibited in Additional file  1: 
Fig. S10, the methyl peak in compound 7 was identified 
from a single peak at δ3.09  ppm (1H-NMR spectrum), 
which was assigned to the characteristic peaks of BCN. 
And double methylene peaks were found at δ2.89 and 

Fig. 2  Synthesis of self-immolating molecule. Compound 1 is 2,6-bis(hydroxymethyl)-p-cresol. TBSCl tert-butyldimethylsilyl chloride, DMF 
N,N-dimethylformamide, PNPCl p-nitrophenyl chloroformate, DMAP 4-dimethylaminopyridine, DIPEA N,N-diisopropylethylamine, DCM 
dichloromethane, RT room temperature, TEA triethylamine, ρ-TsOH ρ-toluenesulfonic acid, MeOH methanol, PEG polyethylene glycol
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δ2.71 ppm (1H-NMR spectrum), assigned to the succinic 
acid group used to attach to hydrogel. High-resolution 
mass spectrometry (HRMS) showed a characteristic 
peak corresponding to [M-CO2 + H]− at m/z 617.1994, 
jointly proving that compound 7 was successfully syn-
thesized. Then, self-immolating molecule was synthe-
sized by just one-step transesterification reaction under 
biotin-PEG-NH2 (average molecular weight 1000  Da). 
Compared with compound 7, extremely high PEG peaks 
attributed to biotin-PEG area were found at δ3.70  ppm 
(Additional file 1: Fig. S11), which demonstrated the suc-
cessful preparation of self-immolating molecule. Notably, 
self-immolating molecule is a mixture with an average 
molecular weight of approximately 1400 Da, rather than 
a monomeric compound, which benefits a more sta-
ble nanostructure. Hence, the self-immolating molecule 
with the first lock [biotin receptor (BR) targeting] was 
constructed.

Preparation and characterizations of 223Ra@HNPs
Taking into account good biocompatibility and repro-
ducible preparation, nano-hydrogel was selected as the 
delivery platform to construct targeted delivery system. 
A significant difference from pretargeted delivery system 
was the addition of 1-amino-3-butene hydrochloride, 
which allowed for coupling with self-immolating mol-
ecule via amide covalent bond. To minimize radiological 
hazards during physical and chemical characterization, 
Ba was used as a non-radioactive surrogate for Ra due 
to their similar chemical properties as group II alkaline 
earth metals. This substitution allows for safer handling 
while ensuring that the physicochemical properties 
observed with Ba-loaded nanohydrogel (Ba@HNPs) 
closely reflect those expected for the radium-loaded 
counterpart (223Ra@HNPs). Given that Ba2+ and Ra2+ 
share comparable ionic radii and coordination chem-
istry, their interactions with the nanohydrogel matrix 
should be analogous, making Ba a suitable model for pre-
experimental validation. Compared with HNPs-NH2, the 
hydrodynamic diameter of Ba@HNPs increased about 
15  nm (HNPs-NH2: 294  nm, Additional file  1: Fig. S12; 
Ba@HNPs: 309 nm, Fig. 3a), which resulted from the load 
of Ba and modification of self-immolating molecule. And 
after equipping with Ba2+, the zeta-potential increased 
from 36.11 to 41.09  mV, co-confirming the successful 
loading of Ba. Subsequently, the zeta-potential decreased 
over 7  mV, resulting from the block of amino group by 
amide bond on the surface of hydrogel (Fig.  3b). Intui-
tively, as exhibited in Fig. 3c, Ba@HNPs exhibited a uni-
form spherical morphology with a size of approximately 
150–200 nm in diameter, which was still smaller than the 
result from the DLS measurement with an average size of 
309  nm. Importantly, the transition state of preparation 

was captured by TEM, as shown in Fig. 3d, it was obvi-
ous to distinguish between the nanohydrogel loaded with 
Ba2+ and blank nanohydrogel. Notably, Ba element could 
not be washed away after coupling with self-immolating 
molecule on hydrogel, indicating the molecule could pre-
vent the leakage of Ba. Moreover, the element mapping 
images also exhibited an even distribution of carbon and 
barium in Ba@HNPs (Fig.  3e). Furthermore, the ultra-
violet–visible (UV–vis) spectrum showed that the finger-
print blue-shift (8 nm) spectral peak observed at 260 nm 
for Ba@HNPs was consistent with self-immolating mole-
cule (268 nm), validating the successful modification with 
self-immolating molecule on HNPs (Fig. 3f ). A summary 
table with particle sizes, zeta potentials, and loading con-
tent of above mentioned HNPs-COOH, PtIV@HNPs, 
HAQ@HNPs, HNPs-NH2, Ba-HNPs, and Ba@HNPs was 
showed in Additional file 1: Table S1. In order to inves-
tigate the self-immolation process, BCN was mixed with 
self-immolating molecule. As shown in Fig. 3g, the char-
acteristic absorption peak of self-immolating molecule 
at 268  nm disappeared after IEDDA reaction, and the 
color turned to be white from red within a few seconds, 
indicating the successful proceeding of IEDDA reac-
tion. Besides, the Ba and PtIV release from nanogel were 
below 15% by 2 h, presenting a low release in PBS buffer. 
Remarkably, both drugs presented a controlled rapid 
release from approximately 15% to 60% upon mixture 
during 0.5–1.0 h, indicating encapsulation was removed 
by IEEDA reaction (Additional file 1: Fig. S13). As exhib-
ited in the ESI–MS spectrum (Fig. 3h), the characteristic 
ion peaks (m/z = 1035.41) for IEDDA reaction products 
were marked by red arrow. And the normally distributed 
molecular ion peak with a mass-to-charge difference of 
44 was observed, which belonged to the PEG fragment 
from post-immolation. UV–vis and ESI–MS spectrums 
co-proved that the efficient and successful proceeding 
of IEDDA reaction. The change of the particle size indi-
cated that the Ba@HNPs was relatively stable during 7 d 
(Fig. 3i). Next, a similar method was used to load 223Ra, 
resulting in the targeted delivery system 223Ra@HNPs. 
The radiochemical yield (RCY) was determined to be 
(81.44 ± 1.36)% with over 95% radiochemical purity (RCP) 
by gamma counter. The radiolabeling stability assay dem-
onstrated that 223Ra@HNPs maintained high stability in 
PBS and 10% FBS for up to 24 h, which was sufficient for 
killing tumor cells effectively (Fig. 3j).

Cytotoxicity of HAQ/223Ra@HNPs in vitro
To evaluate the cytotoxic effects of HAQ/223Ra@HNPs, 
the pretargeted nanoplatform comprising both HAQ@
HNPs (pretargeted nanohydrogel) and 223Ra@HNPs 
(radium-loaded targeted nanocapsules), on B16/F10 
murine melanoma cells, a CCK-8 assay was performed 



Page 8 of 19Yang et al. Military Medical Research           (2025) 12:84 

to compare cell viability after different treatments with 
a gradient of doses for 24  h, including PtIV, free 223Ra, 
HAQ@HNPs, 223Ra@HNPs, and HAQ/223Ra@HNPs. As 
shown in Fig. 4a, when the 223Ra loading was 0.2 µCi/ml 
and the PtIV content was 4.8  µg/ml, the survival rate of 
B16F10 cells after 24 h of HAQ/223Ra@HNPs treatment 
was approximately 50%, indicating antitumor cytotoxic-
ity. Besides, additional in  vitro experiments were con-
ducted using the murine non-small cell lung cancer LLC 
cell line as well as HUVEC cell line to assess the poten-
tial cytotoxicity of HAQ/223Ra@HNPs. Consistent with 

the findings in B16/F10 cells (Fig. 4a), the nanoplatform 
demonstrated significant tumor cell killing in the LLC 
cells, while exhibiting relatively mild effects on HUVECs, 
suggesting a favorable therapeutic window (Additional 
file 1: Fig. S14). Based on the dose–response relationship, 
this concentration was selected for subsequent in  vitro 
experiments. The cell cycle distribution was subsequently 
analyzed via FCM (Fig.  4b). In the control group, cells 
were distributed primarily in the G1 phase (46.4%). Com-
pared to the control group, B16/F10 cells exposed to 
PtIV, free 223Ra, HAQ@HNPs, and 223Ra@HNPs showed 

Fig. 3  Characterization of targeted delivery system Ba@HNPs and 223Ra@HNPs. a DLS result of Ba@HNPs. b Zeta potential value of HNPs-NH2, 
Ba-HNPs, and Ba@HNPs. c TEM images of Ba@HNPs. Scale bar = 200 nm. d TEM images of Ba-HNPs. Scale bar = 500 nm. e TEM-elemental 
mapping of Ba@HNPs. Scale bar = 500 nm. f UV–vis absorption spectra of HNPs-NH2, self-immolating molecule, Ba-HNPs, and Ba@HNPs. g UV–vis 
absorption spectra of BCN, self-immolating molecule, and mixtures (self-immolating molecule and BCN). h ESI–MS (positive mode in methanol) 
of self-immolating molecule after IEEDA reaction. i DLS result of Ba@HNPs during 7 d in different media. j Radiolabeling stability of 223Ra@HNPs 
at 6, 12, and 24 h in different media (n = 3). Data are expressed as mean ± SD. DLS dynamic light scattering, TEM transmission electron microscopy, 
UV–vis ultraviolet–visible, BCN bicyclo[6.1.0]nonyne, ESI–MS electrospray ionization mass spectrometry, IEEDA inverse electron demand Diels–Alder, 
PDI polydispersity index, PBS phosphate-buffered saline, FBS fetal bovine serum, SD standard deviation, HNPs-NH2 amino-modified hydrogel 
nanoparticles, Ba-HNPs Ba2+-loaded hydrogel nanoparticles, Ba@HNPs Ba2+-loaded hydrogel nanoparticles with self-immolating molecule, PEG 
polyethylene glycol
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Fig. 4  Cytotoxicity of HAQ/223Ra@HNPs in vitro. a Cell viability of B16/F10 cells under different treatments for 24 h (n = 4). b Cell cycle state 
distribution of B16/F10 cells after different treatments. c Apoptosis evaluation of B16/F10 cells under different treatments (n = 3). d FCM analysis 
of B16/F10 cells stained with DCFH-DA to reveal intracellular ROS generation after different treatments (n = 3). e GSH levels in B16/F10 cells 
after different treatments (n = 3). f Bio-TEM images of pristine B16/F10 cells (control) and the B16/F10 cells after different treatments for 24 h. Scale 
bar = 2 μm (upper)and 1 μm (lower). Yellow arrows mark reveal the normal ER, while red ones indicate the ER under stress state. Data are expressed 
as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns non-significant. ROS reactive oxygen species, FITC fluorescein isothiocyanate, PI 
propidium Iodide, GSH glutathione, SD standard deviation, PtIV platinumIV, HAQ@HNPs PtIV-loaded hydrogel nanoparticles with HAQ, 223Ra@
HNPs 223Ra-loaded hydrogel nanoparticles with self-immolating molecule, HAQ/223Ra@HNPs PtIV-loaded hydrogel nanoparticles with HAQ 
and 223Ra-loaded hydrogel nanoparticles with self-immolating molecule, FCM flow cytometry, DCFH-DA 2’,7’-dichlorodihydrofluorescein diacetate, 
Bio-TEM Biological TEM
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a reduction in G1 phase. Meanwhile, B16/F10 cells 
exposed to Free 223Ra, HAQ@HNPs, and 223Ra@HNPs 
showed an increase in G2 phase. Following HAQ/223Ra@
HNPs treatment, a marked increase in the G2 phase 
(42.1%) and a significant reduction in the G1 population 
(20.6%) were observed, indicating that cell cycle arrest at 
the G2 checkpoint was induced, thereby inhibiting prolif-
eration. To assess the induction of apoptosis, Annexin V/
PI dual staining was conducted, followed by FCM analy-
sis (Fig.  4c). A significantly greater proportion of apop-
totic cells was observed in the HAQ/223Ra@HNPs group 
than in the other groups, confirming the apoptotic effects 
of the treatment.

To further elucidate the underlying mechanisms, intra-
cellular reactive oxygen species (ROS) levels were meas-
ured using FCM with 2’,7’-dichlorodihydrofluorescein 
diacetate (DCFH-DA) staining. The results (Fig.  4d) 
revealed a substantial increase in ROS generation follow-
ing treatment with HAQ/223Ra@HNPs, suggesting that 
oxidative stress plays a key role in tumoricidal activity. 
Since GSH is a crucial regulator of cellular redox homeo-
stasis, intracellular GSH levels were also measured after 
different treatments. As shown in Fig.  4e, a significant 
depletion of GSH was observed following HAQ/223Ra@
HNPs exposure, further supporting the hypothesis that 
ROS-mediated oxidative stress contributed to cytotoxic-
ity and induced ER stress. To investigate ER stress, Bio-
logical TEM (Bio-TEM) was employed, as morphological 
changes in the ER serve as a hallmark of stress responses. 
As shown in Fig. 4f, red arrows indicate increased edema, 
expansion, vacuolization, and degranulation in the ER of 
the HAQ/223Ra@HNPs-treated group, compared to the 
typical ER morphology of B16/F10 cells in the control 
group. Therefore, HAQ/223Ra@HNPs exert potent cyto-
toxic effects on B16/F10 cells, underscoring their poten-
tial as a promising therapeutic agent for synergistic TAT 
and chemotherapy.

Pretargeted study and antitumor evaluations 
of HAQ/223Ra@HNPs
To evaluate the pretargeted potential and therapeutic 
efficacy of HAQ/223Ra@HNPs, a series of in vivo experi-
ments were conducted using B16/F10 tumor-bearing 
mice. The biodistribution of radionuclides was first 
assessed by monitoring the radioactive accumulation in 
tumors and major organs at different time points (2, 6, 
12, 24, 48, and 72 h post-injection) via γ-counter analy-
sis (Fig. 5a; Additional file 1: Fig. S15). The results indi-
cated that free 223Ra exhibited rapid clearance from the 
body, with a predominant accumulation in bone tissue 
within the initial few hours, consistent with its known 
osteotropic nature. In contrast, HAQ/223Ra@HNPs dis-
played higher tumor-to-organ uptake ratios, indicating 

improved selectivity and reduced systemic exposure. 
Similarly, the DAR and H&E images reveal a marked 
increase in tumor uptake of HAQ/223Ra@HNPs com-
pared to free 223Ra at 72  h, also indicating enhanced 
tumor targeting capability (Additional file  1: Fig. S16). 
More importantly, the results also demonstrate that 
HAQ/223Ra@HNPs possess excellent tumor-targeting 
capability (Additional file 1: Fig. S17 and Table S2).

Additionally, a fluorescently-labeled analog, HAQ/Cy7-
223Ra@HNPs, was intravenously administered to moni-
tor its biodistribution (Fig.  5b). The enhanced tumor 
accumulation can be attributed to the precisely designed 
dual-lock mechanism, which ensures a two-step target-
ing: BR ligand-mediated targeting and covalent-mediated 
targeting. Upon reaching the tumor microenvironment, 
a bioorthogonal click chemistry reaction was triggered 
between the intratumorally injected HAQ@HNPs and 
the systemically delivered 223Ra@HNPs. This reaction 
induced the dissociation of the self-immolating mol-
ecule enabling the controlled release of 223Ra and PtIV. 
The precisely localized release of these therapeutic agents 
enhanced the synergistic tumor-killing effects of TAT 
and chemotherapy, maximizing efficacy while minimiz-
ing systemic toxicity.

Consequently, the in  vivo antitumor efficacy of 
HAQ/223Ra@HNPs was systematically assessed. B16/
F10-bearing mice and LLC-bearing mice were randomly 
divided into 6 groups and subjected to different treat-
ments, including control, PtIV, free 223Ra, HAQ@HNPs, 
223Ra@HNPs, and HAQ/223Ra@HNPs. The therapeutic 
responses were assessed over 10 d, after which the mice 
were euthanized, and tumor tissues were excised and 
weighed (Fig. 5c; Additional file 1: Fig. S18). Compared to 
the control group, a significant reduction in tumor weight 
was observed in the HAQ/223Ra@HNPs-treated group, 
demonstrating superior tumor growth suppression rela-
tive to other groups. Tumor growth curves were recorded 
for all groups (Fig. 5d). HAQ/223Ra@HNPs exhibited pro-
nounced tumor growth suppression, correlating with its 
extended tumor residence time and sustained therapeutic 
effect, as also observed in LLC-bearing mice (Additional 
file  1: Fig. S19a, b). Both in B16/F10-bearing mice and 
LLC-bearing mice, no significant fluctuations in body 
weight were detected across all treatment groups, indi-
cating that HAQ/223Ra@HNPs exerted minimal systemic 
toxicity (Fig. 5e and Additional file 1: Fig. S19c). Besides, 
H&E staining of major organs also revealed no visible 
damage to normal tissues (Additional file  1: Fig. S20). 
In terms of biosafety, liver and kidney function markers 
[alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), blood urea nitrogen (BUN), and creatinine 
(CREA)], and complete blood count parameters [white 
blood cell (WBC), red blood cell (RBC), and platelet 
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(PLT)] were also measured and showed negligible devia-
tions, suggesting the non-toxic nature of HAQ/223Ra@
HNPs (Additional file 1: Fig. S21).

To investigate the underlying mechanisms of tumor 
suppression, histopathological analyses, including H&E 
staining and terminal deoxynucleotidyl transferase dUTP 

Fig. 5  Pretargeted study and antitumor evaluation of HAQ/223Ra@HNPs. a Biodistribution of free 223Ra, 223Ra@HNPs, and HAQ/223Ra@HNPs 
in mice at 2 and 24 h injection (n = 3). b Representative fluorescence images of B16/F10 tumor-bearing mice post injection of HAQ/Cy7-223Ra@
HNPs on 6 and 24 h. c Ex vivo tumor images from each group on day 10 in B16/F10 tumor-bearing mice (n = 5). d Tumor growth curves of B16/
F10 tumor-bearing mice from different treatment groups (n = 5). e Body weights of B16/F10-bearing mice after different treatments (n = 5). f 
Representative H&E histopathological images and immunohistochemical analysis of TUNEL staining after different treatments. Scale bar = 20 μm. 
Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ****P < 0.0001, ns non-significant. Flu fluorescence, H&E hematoxylin and eosin, TUNEL terminal 
deoxynucleotidyl transferase dUTP nick-end labeling, SD standard deviation, PtIV platinumIV, HAQ@HNPs PtIV-loaded hydrogel nanoparticles 
with HAQ, 223Ra@HNPs 223Ra-loaded hydrogel nanoparticles with self-immolating molecule, HAQ/223Ra@HNPs PtIV-loaded hydrogel nanoparticles 
with HAQ and 223Ra-loaded hydrogel nanoparticles with self-immolating molecule
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nick-end labeling (TUNEL) assays, were performed on 
excised tumor tissues (Fig.  5f ). H&E staining revealed 
that tumor tissues from the control and other groups 
retained relatively intact cellular architecture, whereas 
the HAQ/223Ra@HNPs-treated tumors exhibited exten-
sive necrosis, characterized by nuclear condensation 
and cell shrinkage. TUNEL staining further confirmed 
that apoptotic activity was significantly elevated in the 
HAQ/223Ra@HNPs group, reinforcing the notion that 
tumor cell death was primarily induced through apopto-
sis and/or necrosis. Furthermore, immunofluorescence 
analysis on tumor tissues from each group was conducted 
to investigate relevant cell cycle regulatory pathways. 
The results showed a significant upregulation of p53 
and its downstream effector p21 following HAQ/223Ra@
HNPs treatment, indicating activation of the DNA dam-
age response pathway (Additional file  1: Fig. S22). As a 
well-established regulatory axis of the cell cycle, the p53/
p21 pathway plays a pivotal role in halting cell cycle pro-
gression, particularly by blocking the transition from G2 
phase to mitosis, thus leading to G2/M phase arrest. This 
mechanism not only suppresses tumor cell proliferation 
but also facilitates the induction of programmed cell 
death when DNA damage is irreparable [37–39]. These 
findings provide further support for the contribution of 
G2/M arrest to the therapeutic efficacy of HAQ/223Ra@
HNPs. Taken together, these findings demonstrated that 
HAQ/223Ra@HNPs not only exhibited excellent tumor-
targeting ability and prolonged tumor retention but also 
effectively suppressed tumor growth via apoptosis-medi-
ated cytotoxicity.

ER stress response and immune activation induced 
by HAQ/223Ra@HNPs in vivo
Having investigated the molecular mechanisms under-
lying the antitumor effects of HAQ/223Ra@HNPs, 
mice were sacrificed after 7 d of treatment, and RNA 
sequencing (RNA-seq) analysis and transcriptomic 
profiling were performed on the tumor tissues follow-
ing treatment. Differentially expressed genes (DEGs) 
between the control and HAQ/223Ra@HNPs-treated 
groups were visualized using hierarchical cluster-
ing (Fig.  6a). A distinct gene expression pattern was 
observed, suggesting that HAQ/223Ra@HNPs induced 
profound transcriptional changes. Gene Ontology (GO) 
enrichment analysis was further performed to elucidate 
the biological pathways affected by HAQ/223Ra@HNPs 
treatment (Fig.  6b). The results revealed significant 
enrichment in pathways related to calcium-dependent 
protein binding, apoptotic process regulation, regula-
tion of inflammatory response, and immune response, 

indicating that HAQ/223Ra@HNPs exerted therapeutic 
effects via the induction of cellular stress and immune 
modulation. Gene set enrichment analysis (GSEA) was 
applied to identify immune-related pathways influ-
enced by HAQ/223Ra@HNPs treatment. Notably, a 
strong enrichment in the “innate immunity evasion and 
cell-specific immune response” gene set was detected 
in the HAQ/223Ra@HNPs-treated group compared with 
the control group (Fig. 6c), further confirming the role 
of this nanoplatform in enhancing antitumor immunity.

Given the established role of ER stress in ICD [40, 41], 
key ER stress markers were analyzed via immunofluo-
rescence staining of tumor tissues. The results revealed 
significantly elevated expression levels of ER stress 
marker C/EBP homologous protein (CHOP) (Fig.  6d), 
glucose-regulated protein 78 (GRP78), and PKR-like 
endoplasmic reticulum kinase (PERK) (Additional 
file 1: Fig. S23) in tumor tissues from the HAQ/223Ra@
HNPs group, suggesting that alpha radiation effec-
tively induces ER stress and activates the downstream 
unfolded protein response (UPR) pathway. Subse-
quently, as a result of ER stress, the translocation of 
calreticulin (CALR) to the cell surface as the “eat-me” 
signal was directly detected in differently treated groups 
[42]. Significant green fluorescent signals were observed 
in the tumor tissues, indicating that HAQ/223Ra@HNPs 
successfully induced CALR exposure in the cell plasma 
membrane (Fig. 6d). A significant upregulation of high 
mobility group box 1 (HMGB1) was also detected in the 
HAQ/223Ra@HNPs-treated group, indicating the induc-
tion of ER stress and ICD, which contributed to the 
activation of antitumor immunity (Fig.  6d). Moreover, 
we also observed a marked increase in PD-L1 expres-
sion in the HAQ/223Ra@HNPs group (Additional file 1: 
Fig. S24), as confirmed by immunofluorescence analysis.

To evaluate dendritic cells (DCs) maturation and 
tumor-infiltrating lymphocytes, FCM was conducted 
(Fig.  6e; Additional file  1: Fig. S25). The proportion of 
mature DCs was significantly increased in both the 
spleen and tumor following HAQ/223Ra@HNPs treat-
ment, indicating enhanced antigen presentation capac-
ity. A substantial elevation in CD4⁺ and CD8⁺ T cells 
within the HAQ/223Ra@HNPs-treated tumors was 
also observed. Besides, blood samples were collected 
to detect the secretion of cytokines tumor necrosis 
factor-α (TNF-α) and interferon-γ (IFN-γ) (Additional 
file  1: Fig. S26), which were markedly elevated in the 
HAQ/223Ra@HNPs group. These results suggested that 
HAQ/223Ra@HNPs not only triggered robust ER stress 
responses but also facilitated adaptive immune activa-
tion, further amplifying antitumor efficacy.
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Antitumor evaluations of combination treatment 
with HAQ/223Ra@HNPs and anti‑PD‑L1 on metastatic tumor 
model
The findings above demonstrated that HAQ/223Ra@
HNPs effectively enhanced tumor immunogenicity. To 

further assess its potential in stimulating systemic anti-
tumor immunity and its efficacy in combination with 
immune checkpoint blockade (ICB) therapy for control-
ling metastatic progression, a distant metastatic tumor 
model was established (Fig.  7a). After administration of 

Fig. 6  Endoplasmic reticulum stress response and immune responses induced by HAQ/223Ra@HNPs in vivo. a Heatmap of DEGs 
between the control and HAQ/223Ra@HNPs groups (n = 3). Red indicates higher expression levels with stronger positive correlation, while blue 
indicates lower expression levels with negative correlation. b GO enrichment analysis. c GSEA of the gene set “Innate immunity evasion 
and cell specific immune response”. d Representative immunofluorescence images of CHOP, CALR, and HMGB1 in tumor tissues from B16/F10 
tumor-bearing mice after different treatments. e Statistical data of DCs maturation in the spleen, DCs maturation, CD4+ T cells, and CD8+ T cells 
in tumors from different groups (n = 3). Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns non-significant. SD 
standard deviation, DEGs differentially expressed genes, GO Gene Ontology, GSEA gene set enrichment analysis, CHOP C/EBP homologous protein, 
CALR calreticulin, HMGB1 high mobility group box 1, DC dendritic cell, PtIV platinumIV, HAQ@HNPs PtIV-loaded hydrogel nanoparticles with HAQ, 
223Ra@HNPs 223Ra-loaded hydrogel nanoparticles with self-immolating molecule, HAQ/223Ra@HNPs PtIV-loaded hydrogel nanoparticles with HAQ 
and 223Ra-loaded hydrogel nanoparticles with self-immolating molecule
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different treatments, tumor excision and weight meas-
urements were performed on day 16 (Fig.  7b; Addi-
tional file 1: Fig. S27). The results demonstrated that the 
“HAQ/223Ra@HNPs + anti-PD-L1” group significantly 
suppressed both primary and distant tumor growth, 
achieving superior therapeutic efficacy compared to 

monotherapies. This finding highlighted the synergis-
tic effect of the combination regimen in controlling 
metastatic tumor progression. Tumor growth kinetics 
were recorded for each treatment group (Fig. 7c). A sus-
tained suppression of tumor growth was observed in the 
“HAQ/223Ra@HNPs + anti-PD-L1” group, while mice 

Fig. 7  Antitumor evaluations of combination treatment with HAQ/223Ra@HNPs and anti PD-L1 on metastasis tumor models. a Treatment schedule 
for in vivo combination treatment. b Photos of excised primary and distant tumors from the mice after 16 d in corresponding treatment groups 
(n = 5). c Individual tumor growth curves of mice from different treatment groups (n = 5). d Body weight of mice after different treatments (n = 5).  
e Statistical data of TEM cells in spleen, CD4+ T cells and CD8+ T cells in distant tumors. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001, ns non-significant. SD standard deviation, TEM Immune effector memory T cells, PtIV platinumIV, HAQ@HNPs PtIV-loaded 
hydrogel nanoparticles with HAQ, 223Ra@HNPs 223Ra-loaded hydrogel nanoparticles with self-immolating molecule, HAQ/223Ra@HNPs PtIV-loaded 
hydrogel nanoparticles with HAQ and.223Ra-loaded hydrogel nanoparticles with self-immolating molecule, PD-L1 programmed death-ligand 1
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treated with single-agent therapy exhibited a moder-
ate tumor inhibition effect. Furthermore, no significant 
changes in body weight were detected (Fig. 7d), indicat-
ing that the combination therapy was well-tolerated and 
did not induce systemic toxicity.

To assess whether systemic antitumor immunity 
was activated by the treatment, immune cell popula-
tions were analyzed using FCM. A significant increase 
in effector memory T cells (TEM, CD8+CD44+CD62L−) 
was detected in the spleen following combination ther-
apy (Fig.  7e; Additional file  1: Fig. S28a), suggesting the 
induction of long-term immune memory. Additionally, 
CD4⁺ T cell infiltration was markedly enhanced in the 
metastatic tumor microenvironment (Fig. 7e; Additional 
file 1: Fig. S28b), and a dramatic increase in CD8⁺ T cells 
was observed in the “HAQ/223Ra@HNPs + anti-PD-L1” 
group (Fig.  7e; Additional file  1: Fig. S28c), indicating a 
robust cytotoxic T cell response. These findings col-
lectively demonstrated that HAQ/223Ra@HNPs, when 
combined with anti-PD-L1 therapy, effectively inhibited 
both primary and metastatic tumor growth by enhancing 
systemic immune responses and promoting tumor-spe-
cific T cell activation. This strategy holds great potential 
for metastatic cancer treatment, offering an effective 
approach for overcoming tumor immune evasion and 
enhancing therapeutic outcomes.

Discussion
The strategy employed PtIV-loaded HNPs as the primary 
platform of the pretargeting delivery system (HAQ@
HNPs), and 223Ra-loaded nanocavities protected by self-
inert spacers (self-immolating molecules) served as a tar-
geted delivery system (223Ra@HNPs). As shown in Fig. 8, 
after encountering at tumor sites under biotin and HA 
guidance between the pretargeting and targeted deliv-
ery systems, the dissociation is rapidly triggered by the 
IEDDA reaction, releasing 223Ra and PtIV, thus achieving 
the purpose of targeted alpha therapy with chemotherapy 
to kill the tumor directly.

In our experiments, beyond the direct cytotoxicity, 
both delivery systems loaded with 223Ra and PtIV promote 
the consumption of GSH in the cell, breaking the redox 
homeostasis, amplifying the ER stress. Especially, immu-
nofluorescence analysis demonstrated that HAQ/223Ra@
HNPs treatment markedly increased the expression of ER 
stress-related proteins (CHOP, GRP78, and PERK) and 
ICD markers (CALR and HMGB1), accompanied by a 
significant upregulation of PD-L1 in tumor tissues. It is 
well-known that radiation-induced stress leads to PD-L1 
upregulation, resulting in potential immune escape [43]. 
Besides, GRP78, as a canonical marker of ER stress [44], 
has also been reported to play an upstream role in the 
initiation of ICD [45] and the upregulation of PD-L1 

[46]. PERK, one of the 3 major branches of the UPR, is 
a critical sensor that can simultaneously promote apop-
totic signaling through the activating transcription fac-
tor 4 (ATF4)/CHOP axis [47] and also upregulate PD-L1 
expression [46]. Taken together, these findings sug-
gest that HAQ/223Ra@HNPs-induced ER stress exerts a 
dual effect in antitumor immunity: it promotes ICD and 
enhances tumor immunogenicity, while also contributing 
to PD-L1 upregulation. We suppose that combining TAT 
with ICB may therefore yield durable immune activation 
and achieve long-term tumor suppression. Fortunately, 
consistent with this hypothesis, when further combined 
with PD-L1 antibody, we found that TAT can produce 
long-term and sustained immune effects to effectively 
inhibit tumor growth, metastasis or recurrence. These 
results form the conceptual foundation of our proposed, 
alpha radiation immunotherapy (ARIT), a therapeutic 
paradigm in which high-LET α-particle irradiation not 
only kills tumor cells directly but also reprograms the 
tumor microenvironment through immunogenic stress 
signaling.

In addition to mechanistic insights, it is worth empha-
sizing that accurate dosimetry remains a critical aspect of 
TAT. The DAR images of our result clearly demonstrate 
heterogeneous intratumoral distribution of radioactivity, 
which reflects one of the key challenges in 223Ra-based 
dosimetry: spatial dose heterogeneity at the microscopic 
level. Herein, based on the biodistribution data, the TIA 
and absorbed dose were calculated to estimate quan-
titative dose of HAQ/223Ra@HNPs. Due to the lack of 
mouse-specific S-values in existing dosimetry software 
(MIRDcalc: https://​mirds​oft.​org/​mirdc​alc) and Open-
Access databases (OpenDose: https://​opend​ose.​polsl.​
pl/), which are largely based on anthropomorphic human 
phantoms, a simplified dosimetric approach was adopted. 
Specifically, we assumed all tissues to be equivalent to 
soft tissue and utilized MIRDcalc to estimate absorbed 
dose by applying standard soft-tissue S-values. Undeni-
ably, the dosimetry method based on MIRD is a rough 
estimate and does not fully capture the detailed radia-
tion dose distribution, especially at the microscopic level. 
Monte Carlo simulations, which can track the stochastic 
trajectories and interactions of individual particles within 
complex anatomical geometries [48–51], should be fur-
ther elaborated on TAT dosimetry.

Collectively, this dual-locked targeted alpha-particle 
nanoplatform, integrating ARIT and chemotherapy, 
has exhibited exceptional therapeutic efficacy. Lever-
aging synergistic mechanisms, it not only enhances 
tumor eradication but also offers a promising strategy to 
advance the clinical translation of alpha-particle-based 
therapies.

https://mirdsoft.org/mirdcalc
https://opendose.polsl.pl/
https://opendose.polsl.pl/
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Conclusions
In this study, a dual-locked pretargeted nanoplatform 
was successfully developed to overcome the challenges 
associated with TAT, particularly the radionuclide leak-
age and nonspecific toxicity of 223Ra. By leveraging the 
bioorthogonally activated IEDDA reaction, the system 
enabled precise tumor targeting and controlled release of 
223Ra and PtIV, achieving enhanced therapeutic efficacy 

with minimal off-target effects. The combination of ARIT 
and chemotherapy not only directly eliminated tumor 
cells but also disrupted redox homeostasis, induced ER 
stress, and promoted ICD, leading to a robust activation 
of the antitumor immune response and further synergiz-
ing with immunotherapy. The findings provide strong 
evidence for the potential of dual-locked pretargeted 
strategies to enhance the clinical translation of TAT by 

Fig. 8  Schematic illustration of synthesis and therapeutic mechanism of dual-locked targeted alpha-emitter. HNPs hydrogel nanoparticles, Pt 
platinum, Bio biotin, IEDDA inverse electron demand Diels–Alder, DC dendritic cell, CALR calreticulin, HMGB1 high mobility group box 1, ROS 
reactive oxygen species, ER endoplasmic reticulum, GSH glutathione, CHOP C/EBP homologous protein
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addressing key limitations, including radionuclide reten-
tion, bioavailability, and systemic antitumor effects. This 
work not only expands the therapeutic landscape of TAT 
but also lays the groundwork for the development of next-
generation precision-targeted radiopharmaceuticals.
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