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ABSTRACT 

Melanoma remains a highly aggressive malignancy with limited response to current immunotherapies due to its immunosup- 
pressive tumor microenvironment. To overcome this limitation, we developed a radiolabeled coordination polymer, 177 Lu-GAMP, 
through the self-assembly of 177 Lu3 + with adenosine monophosphate (AMP) and guanosine monophosphate, exhibiting 
coordination-feature resemblance to the endogenous STING agonist cGAMP, thereby enabling activation of the STING pathway. 
We further incorporated 177 Lu-GAMP into a dissolvable microneedle patch (177 Lu-GAMP@MN) for localized, minimally invasive 
delivery to melanoma lesions. Our results demonstrate that 177 Lu-GAMP@MN effectively penetrated the skin and retained at 
the tumor site, leading to robust STING activation and Gasdermin E-mediated pyroptosis. This, in turn, promoted dendritic cell 
maturation and enhanced T cell infiltration. In vivo, 177 Lu-GAMP@MN significantly suppressed subcutaneous melanoma growth, 
prolonged survival, and elicited strong antitumor immune responses. When combined with anti-PD-L1 monoclonal antibodies, the 
treatment achieved synergistic tumor regression, improved effector T cell function, and induced durable immunological memory, 
demonstrating significant inhibition of both primary and distant tumors in murine models. Collectively, this work presents a 
transdermal brachytherapeutic-immunomodulatory strategy for melanoma treatment, offering promising potential for enhanced 
antitumor immunotherapy. 
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 Introduction 

elanoma is a highly aggressive skin cancer characterized by
apid progression, early metastasis, and frequent recurrence [ 1 ].
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In recent decades, both the incidence and mortality of melanoma
have risen sharply, with approximately 160,000 new cases and
48,000 deaths reported worldwide each year [ 2 ]. Standard treat-
ments such as surgical resection and chemotherapy often result in
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oor long-term outcomes, substantial side effects, and the devel-
pment of drug resistance [ 3, 4 ]. Incomplete surgical resection
ccurs in 0.4% to 35.7% of cases, often leading to recurrence or
etastasis that accounts for the majority of melanoma-related
ortality [ 5, 6 ]. Once recurrent or metastatic, the disease is
argely incurable, with 5-year survival rates ranging from 9%
o 28% [ 7 ]. Although combination chemotherapy regimens can
mprove response rates, they fail to significantly improve overall
urvival, underscoring their limited efficacy [ 8 ]. Immunotherapy
as revolutionized melanoma management and brought new
ope for patients. Among these therapies, immune checkpoint
nhibitors (ICIs) are the most widely used. By blocking immune-
heckpoint targets such as PD-1/PD-L1 and CTLA-4 on tumor or
mmune cells, ICIs restore antitumor immunity and enhance T
ell responses [ 9 ]. However, clinical trials have shown variable
fficacy, with overall response rates remaining below 40% [ 10,
1 ]. One of the primary reasons for this limited efficacy is the
mmunosuppressive tumor microenvironment (TME), which is
arked by: 1) rapid tumor cell proliferation and low intrinsic
mmunogenicity; 2) poor immune cell infiltration; and 3) TME
actors that impair immune cell function [ 12–15 ]. Therefore,
trategies that promote immune cell activation and infiltration
nto the TME are crucial to improving immunotherapy outcomes
n melanoma [ 16, 17 ]. 

he cyclic GMP-AMP synthase (cGAS)-stimulator of interferon
enes (STING) pathway is a key component of innate immunity
 18 ]. It allows mammalian cells to detect aberrant double-
tranded DNA (dsDNA) from pathogens or tumor cells, and to
nitiate immune responses via the cGAS-STING axis [ 19 ]. Upon
inding to dsDNA, cGAS catalyzes the synthesis of 2 ′ -3 ′ cyclic
MP-AMP (cGAMP), which serves as a second messenger to
ind and activate STING dimers on the endoplasmic reticulum.
ctivated STING recruits TANK-binding kinase 1 (TBK1) and
hosphorylates interferon regulatory factor 3 (IRF3), leading to
he production of type I interferons (IFNs) [ 20 ]. When combating
alignant tissues, type I IFN acts as a bridge between innate and
daptive immunity, thereby activating natural killer (NK) cells
nd dendritic cells (DCs), enhancing antigen presentation, and
romoting T-cell recruitment and infiltration into the TME [ 21 ].
hus, effective STING pathway activation represents a promising
trategy for enhancing antitumor immunity. 

ecent efforts have focused on developing STING agonists. Given
hat cGAMP directly stimulates STING pathway activation, most
TING agonists are structurally derived from cGAMP, including
yclic dinucleotides (CDNs) and their synthetic analogs [ 22 ].
reclinical studies have demonstrated that these agents can
mprove T-cell responses and increase tumor immunogenicity
n melanoma [ 23, 24 ]. However, clinical translation has been
ampered by several limitations: STING agonists are typically
dministered via intratumoral injection, have poor systemic
ioavailability, are rapidly degraded by phosphodiesterases, and
uffer from poor membrane permeability due to their high
olarity [ 25, 26 ]. To overcome these barriers, there is growing
nterest in designing STING agonists with improved stability
nd cellular uptake. Metal-organic coordination polymers (CPs),
ormed through the coordination of metal ions and organic
igands, offer a versatile platform for drug design [ 27, 28 ].
otably, we discovered that CPs assembled from Lu3 + and
ucleotide ligands such as adenosine monophosphate (AMP)
of 17
and guanosine monophosphate (GMP) exhibit coordination-
feature resemblance to cGAMP. This suggests that the Lu-GAMP
complex could function as a potent STING agonist for cancer
immunotherapy. 

Radiotherapy (RT) remains a cornerstone of cancer treatment
because it directly destroys tumor cells while also modulating the
immune landscape [ 29, 30 ]. Nevertheless, conventional external-
beam RT suffers from limited dose precision and off-target
toxicity [ 31 ]. Brachytherapy (BT), an alternative approach involv-
ing localized implantation of α- or β-emitting radionuclides,
offers greater safety and efficacy by delivering high-linear energy
transfer (LET) radiation directly to tumor sites [ 32, 33 ]. Among
available radionuclides, lutetium-177 (177 Lu) stands out due to its
clinically favorable properties, including a half-life of 6.7 days,
tissue penetration of 0.67 mm, and β-emission energy of 0.498
MeV, making it ideal for treating superficial tumors while sparing
healthy tissue [ 34 ]. We found that 177 Lu can induce Gasder-
min E (GSDME)-mediated pyroptosis, a form of inflammatory
cell death characterized by the release of immunostimulatory
molecules that amplify antitumor immunity [ 35, 36 ]. However,
the immunomodulatory effects of BT remain underexplored. 

Transdermal delivery has emerged as a promising route for
immunotherapy, particularly in melanoma [ 37 ]. The skin is rich
in professional antigen-presenting cells and plays a critical role
in immune surveillance [ 38 ]. Delivering immune modulators
through the skin can efficiently activate local immune responses
at low doses, reduce systemic side effects, and establish lasting
immune memory to prevent metastasis [ 39 ]. Among transdermal
platforms, dissolving microneedles (DMNs) have gained atten-
tion as a minimally invasive and effective delivery system [ 40–43 ].
Given that melanoma primarily originates in the epidermis,
DMNs can painlessly penetrate the stratum corneum to deliver
therapeutics directly into the tumor site, while also enhancing
patient compliance [ 44 ]. 

Herein, we designed a novel radiolabeled CPs, namely 177 Lu-
GAMP, by self-assembling 177 Lu3 + with AMP and GMP. We
then incorporated 177 Lu-GAMP into a dissolvable microneedle
patch (177 Lu-GAMP@MN) for transdermal delivery to melanoma
lesions. Upon application, the microneedles dissolve, releasing
177 Lu-GAMP, which is readily internalized by tumor cells. This
triggers robust STING pathway activation and GSDME-mediated
pyroptosis, leading to the release of inflammatory cytokines and
type I IFNs that promote immune cell recruitment. Furthermore,
when combined with systemic administration of anti-PD-L1
monoclonal antibodies (aPD-L1), this approach elicits synergis-
tic antitumor immune responses and durable immunological
memory, suppressing both primary and metastatic melanoma in
murine models (Scheme 1 ). 

2 Results and Discussion 

2.1 Preparation of Lu-GAMP for Intracellular 
STING Pathway Activation 

The self-assembly of Lu3 + with AMP and GMP in aqueous solu-
tion resulted in the formation of opalescent precipitates, which
were subsequently washed and sonicated to yield nanoscale
Exploration, 2026
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SCHEME 1 (A) Schematic illustration of the fabrication process for the radiolabeled CPs-loaded microneedle platform (177 Lu-GAMP@MN). (B) 
Lu-GAMP exhibits strong binding affinity to the STING protein. (C) Conceptual diagram showing enhanced melanoma immunotherapy modulated by 
177 Lu-GAMP@MN through STING pathway activation and GSDME-mediated pyroptosis. 
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oordination polymers, referred to as Lu-GAMP (Figure 1A ).
ransmission electron microscopy (TEM) and dynamic light
cattering (DLS) analysis revealed that Lu-GAMP exhibited an
rregular morphology with an average diameter of 67.3 nm
Figure 1B and Table S1 ). Elemental mappings by energy-
ispersive X-ray spectroscopy (EDX) confirmed the presence of
, N, O, P, and Lu, indicating a homogeneous distribution of
u3 + ions within the Lu-GAMP structure (Figure 1C and Table
2 ). Furthermore, Lu-GAMP demonstrated excellent stability
n both PBS buffer and complete Dulbecco’s modified Eagle’s
edium (DMEM) supplemented with fetal bovine serum (FBS)
Figure S1A and S1B ), as well as maintained stability in aqueous
olution over extended periods (Figure S1C ). 

o assess cellular uptake and intracellular trafficking, B16-F10
elanoma cells were incubated with Nile red (NR)-labeled Lu-
AMP. First, the NR-labeling stability was measured at different
ime intervals following centrifugation. After 24 h of incubation
n medium containing 10% FBS, NR-labeled Lu-GAMP exhibited
xploration, 2026
less than 10% NR leakage, confirming the stability of the labeling
(Figure S2 ). Furthermore, cellular uptake and lysosomal escape
was investigated by co-staining with endo/lysosomal trackers. A
time-dependent increase in intracellular red fluorescence was
observed, peaking at 6 h, indicating efficient internalization of
the nanoparticles (Figure 1D and Figure S3 ). Pearson’s correlation
coefficients between Lu-GAMP and lysosomal markers were
calculated to quantify escape efficiency. At early time points (0–
2 h), Lu-GAMP co-localized strongly with lysosomes (correlation
coefficient ∼ 0.82), however, by 6 h, the coefficient decreased to
0.42, indicating successful lysosomal escape, a prerequisite for
effective STING pathway activation (Figure 1E ). 

To elucidate the role of the AMP and GMP components, control
Lu-AMP and Lu-GMP coordination polymers were synthesized
(Table S1 ) and assessed for their ability to stimulate a type I
IFN response in B16-F10 cells via STING signaling. The qPCR
analysis showed that only Lu-GAMP significantly upregulated
type I IFN-related gene expression, including Ifnb1, in a
3 of 17
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FIGURE 1 (A) Schematic illustration of the self-assembly of Lu3 + with AMP and GMP to form Lu-GAMP coordination polymers. (B) TEM image 
and DLS analysis of Lu-GAMP. (C) Elemental mapping images of Lu-GAMP. (D) Colocalization observation by CLSM and (E) Pearson’s correlation 
coefficients of NR-labeled Lu-GAMP (red) and Lysotracker (green) ( n = 3). Expression of Ifnb1 in B16-F10 cells treated with (F) various CPs and (G) with 
different concentrations of Lu-GAMP ( n = 3). (H) 3D and (I) 2D binding modes of Lu-GAMP within the active site of mSTING (4KC0). (J) Western blot 
analysis of STING and p-STING in B16-F10 cells treated with increasing concentrations of Lu-GAMP. Data are presented as the mean ± SD. * p < 0.05, 
** p < 0.01, *** p < 0.001. 
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oncentration-dependent manner after 24 h incubation
Figure 1F, G ). This trend was further confirmed at the protein
evel by ELISA, where Lu-GAMP induced a marked and dose-
ependent increase in IFN- β secretion. In contrast, Lu-AMP and
u-GMP failed to elicit detectable IFN responses at both mRNA
nd protein levels, even at concentrations up to 200 µg mL− 1

Figure S4 ). To verify the activation of STING signaling pathway
y Lu-GAMP, molecular docking and molecular dynamics
MD) simulations were performed. Docking results showed that
u-GAMP binds to the active site of mouse STING (mSTING)
ith a binding energy of − 7.82 kcal mol− 1 , forming hydrogen
onds with key residues (Glu88 , Tyr16 , Gly91 , Arg92 , and Lys19 )
Figure 1H,I ). MD simulations showed that the root mean square
eviation (RMSD) profiles of both the protein alone and the
rotein-ligand complex remained stable, indicating that the
ystems reached equilibrium during the simulation (cutoff = 0.2)
Figure S5 ). Binding free energy analysis further confirmed the
ormation of a stable complex (Table S3 ), with van der Waals and
lectrostatic interactions as the main driving forces, while polar
olvation energy acted as the primary unfavorable contribution
Figure S6 ). Similar interactions were observed with human
TING (hSTING) (Figure S7 ). Western blot analysis further
onfirmed the upregulation of phosphorylated STING (p-STING)
n B16-F10 cells treated with Lu-GAMP, with levels increasing in
 dose-dependent manner (Figure 1J and Figure S8 ), supporting
he activation of the STING signaling cascade. 

.2 177 Lu Induces GSDME-Mediated Pyroptosis 
n Melanoma Cells 

T, a form of internal radiotherapy, delivers localized tumor
blation through implanted radionuclide sources and is widely
mployed in the treatment of various solid tumors [ 45 ]. However,
he mechanisms of tumor cell death induced by radionuclides,
articularly those involving immune-related pathways, remain
oorly understood and are insufficiently characterized. Here,
e investigated the mechanism of cell death induced by the
herapeutic radionuclide 177 Lu in melanoma cells. The cytotoxic
ffect of 177 Lu on B16-F10 cells was first assessed using the
CK-8 assay. As expected, 177 Lu treatment significantly reduced
16-F10 cell viability in a dose-dependent manner (Figure 2A ).
urthermore, trypan blue staining revealed a marked increase
n membrane-compromised (trypan blue-positive) cells follow-
ng 177 Lu exposure (Figure 2B ), indicating elevated membrane
ermeability and increased cell death. Given previous evidence
uggesting that radiopharmaceuticals can induce pyroptosis,
e hypothesized that 177 Lu might trigger this form of pro-
nflammatory cell death in melanoma cells [ 46 ]. To test this, we
xamined the cleavage of GSDME, a defining event in pyroptosis.
estern blot analysis revealed a dose-dependent increase in the
leaved N-terminal fragment of GSDME (GSDME-N) follow-
ng 177 Lu treatment, indicating GSDME activation. Additionally,
e observed a corresponding dose-dependent increase in the
leaved, activated form of Caspase-3, confirming the induction of
aspase-3/GSDME-mediated pyroptosis signaling (Figure 2C and
igure S9 ). Consistent with this, 177 Lu also upregulated the mRNA
xpression of key pyroptosis-related genes, including Gsdme and
he pro-inflammatory cytokines Il-18 , Il-1b , and Tnfa (Figure 2D–
 ). Importantly, 177 Lu elicited significant lactate dehydrogenase
LDH) release from B16-F10 cells (Figure 2H ), a direct indicator
xploration, 2026
of pyroptotic membrane rupture. Phase-contrast microscopy
further revealed characteristic pyroptotic morphology, including
extensive cellular swelling and membrane blebbing (indicated by
black arrows in Figure 2I,J ). Collectively, these results demon-
strated that 177 Lu induces GSDME-mediated pyroptosis in murine
melanoma B16-F10 cells, uncovering an immune-relevant mecha-
nism of cell death that may contribute to the immunomodulatory
effects of radionuclide-based therapy. 

2.3 177 Lu-GAMP Induces Tumor Cell Death and 

DCs Maturation via STING Activation and 

GSDME-Mediated Pyroptosis 

Subsequently, 177 Lu-GAMP was synthesized by radiolabeling Lu-
GAMP with a trace amount of [177 Lu]LuCl3 using the same pro-
cedure employed for Lu-GAMP preparation [ 47 ]. After removal
of free 177 Lu by centrifugation, 177 Lu-GAMP with a radiolabeling
rate exceeding 90% was obtained. The resulting product showed
excellent radiolabeling stability in PBS, DMEM containing 10%
FBS or 10% mouse serum (Figure S10 ). 177 Lu-GAMP exhibited
time-dependent uptake in B16-F10 melanoma cells, reaching
an intracellular accumulation of 3 µCi per 107 cells after 1 h
of incubation (Figure 3A ). In comparison, cells treated with
free 177 Lu displayed significantly lower radioactivity, underscor-
ing the enhanced internalization efficiency of the coordination
polymer formulation. Given its efficient cellular uptake, the
cytotoxic effects of 177 Lu-GAMP were subsequently evaluated
using the CCK-8 assay. Both 177 Lu- GAMP and Lu- GAMP induced
dose-dependent cytotoxicity, with 177 Lu-GAMP demonstrating
greater toxicity due to the radiotherapeutic contribution of 177 Lu
(Figure 3B ). To visualize cell viability, Calcein AM (green) and
propidium iodide (PI, red) dual-fluorescence staining was con-
ducted. While control cells displayed strong green fluorescence,
indicative of intact membranes and high viability (Figure 3C and
Figure S11 ), cells treated with Lu-GAMP, 177 Lu, or 177 Lu-GAMP
showed increasing red fluorescence, with the latter exhibiting
the most intense PI signal, reflecting pronounced cell death.
Flow cytometry further confirmed a markedly higher percent-
age of PI-positive cells in the 177 Lu-GAMP group relative to
all other treatment groups (Figure 3D,E ), in agreement with
the CCK-8 results. To explore the underlying mechanisms of
cytotoxicity, we examined intracellular reactive oxygen species
(ROS) levels using the fluorogenic probe DCFH-DA. Cells treated
with 177 Lu-GAMP exhibited strong green fluorescence, indicating
elevated ROS generation (Figure 3F and Figure S12 ). Additionally,
immunofluorescence staining of γ-H2 AX revealed extensive DNA
double-strand breaks in 177 Lu-GAMP-treated cells (Figure 3G and
Figure S13 ). Together, these results suggest that 177 Lu-GAMP elic-
its synergistic cytotoxic effects through enhanced ROS production
and DNA damage in melanoma cells. 

To assess the activation of the STING signaling pathway, Western
blot analysis was performed to detect the expression of p-
STING and phosphorylated TBK1 (p-TBK1). A dose-dependent
increase in p-STING and p-TBK1 expression was observed in
177 Lu-GAMP-treated B16-F10 cells, exceeding levels seen in the
177 Lu and Lu-GAMP groups (Figure 3H,I and Figures S14 and S15 ).
Upregulation of Ifnb mRNA further confirmed STING pathway
activation following 177 Lu-GAMP treatment (Figure 3J,K ). To
elucidate the role of cGAS in STING activation, a cGAS inhibitor
5 of 17
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FIGURE 2 (A) In vitro cell viability ( n = 5) and (B) percentage of trypan blue-positive B16-F10 cells after treatment with varying concentrations 
of 177 Lu ( n = 3). (C) Western blot analysis of GSDME, N-GSDME, and cleaved Caspase-3 protein expression in B16-F10 cells following 177 Lu treatment. 
RT-qPCR detection of pyroptosis-related gene expression, including (D) Gsdme , (E) Il-18 , (F) Il-1b , and (G) Tnfa . (H) LDH release in the supernatant 
after treatment with 200 and 400 µCi mL− 1 177 Lu ( n = 3). (I) Bright-field microscopy images showing morphological features of pyroptotic cells, and (J) 
quantification of pyroptotic cell ratio ( n = 3). Data are presented as the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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RU.521) was employed. Inhibition of cGAS markedly reduced
TING pathway activation induced by 177 Lu, indicating a cGAS-
ependent mechanism likely associated with radiation-induced
NA damage (Figure S16A and S16B ). In contrast, Lu-GAMP
etained its ability to activate STING under cGAS inhibition,
upporting a direct STING agonistic effect independent of cGAS
Figure S16C and S16D ). In addition, the immunogenic nature
f 177 Lu-GAMP was supported by its ability to induce GSDME-
ediated pyroptosis. Compared with 177 Lu monotherapy, 177 Lu-
AMP treatment led to increased GSDME cleavage (Figure 3L
nd Figure S17 ) and elevated transcription of pyroptosis-related
ytokines, including Gsdme, Il-18 , Il-1b , and Tnfa (Figure 3M ).
his lytic form of cell death was also associated with ele-
ated LDH release (Figure 3N ). Critically, to distinguish specific
yroptotic lysis from non-specific membrane damage, GSDME
xpression was knocked down using siRNA. GSDME knock-
own (Figure S18A ) specifically and significantly attenuated the
77 Lu-GAMP-induced LDH release (Figure S18B ), confirming the
yroptosis-dependency of this effect. We then examined the
unction of 177 Lu-GAMP to induce immunogenic cell death (ICD).
ompared to the control, both 177 Lu and 177 Lu-GAMP significantly
nduced CRT exposure, as well as the release of HMGB1 and ATP,
mong which 177 Lu-GAMP exhibited the most pronounced effect.
Figure S19 ). Finally, to examine the downstream immunological
ffects, DC maturation was analyzed by flow cytometry. Treat-
of 17
ment with 177 Lu-GAMP significantly increased the population of
CD11c+ CD86+ mature DCs (Figure 3O,P ), indicating enhanced
antigen-presenting function. This phenotypic change coincided
with elevated secretion of damage-associated molecular patterns
(DAMPs), suggesting that 177 Lu-GAMP-mediated ICD effectively
promotes DC activation. Collectively, these results demonstrate
that 177 Lu-GAMP exerts dual immunomodulatory effects asso-
ciated with both activation the STING signaling pathway and
induction of GSDME-mediated pyroptosis. 

2.4 Fabrication of 177 Lu-GAMP@MN 

Microneedle for Subcutaneous Melanoma 
Application 

Microneedle (MN) technology offers a minimally invasive strat-
egy for transdermal drug delivery by creating microscopic pores in
the skin, providing an efficient alternative for treating superficial
tumors. We then fabricated 177 Lu-GAMP@MN by incorporating
177 Lu-GAMP into hyaluronic acid (HA)-based microneedles using
a micro-molding technique. Briefly, 177 Lu-GAMP was homoge-
neously dispersed in a HA pre-gel solution, which was then cast
into microneedle molds. After drying, the solidified microneedles
were demolded to yield the final 177 Lu-GAMP@MN formulation.
Optical and scanning electron microscopy (SEM) confirmed
Exploration, 2026
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FIGURE 3 (A) Cellular uptake of free 177 Lu and 177 Lu-GAMP by B16-F10 cells ( n = 4). (B) Viability of B16-F10 cells incubated with various 
concentrations of Lu-GAMP and 177 Lu-GAMP ( n = 5). (C) Fluorescence images of live/dead staining under different treatment conditions. Evaluation of 
cell apoptosis and necrosis by (D) flow cytometry and (E) corresponding quantification ( n = 3). (F) Fluorescence imaging of ROS generation in B16-F10 
cells. (G) Immunofluorescence staining of γ-H2 AX expression. Western blot analysis of STING, p-STING, TBK1, and p-TBK1 following treatment with 
(H) increasing concentrations of 177 Lu-GAMP, and (I) under various therapeutic conditions (177 Lu: 100 µCi mL− 1 , Lu-GAMP: 100 µg mL− 1 ). RT-qPCR 
analysis of Ifnb1 mRNA levels after treatment with (J) graded doses of 177 Lu-GAMP and (K) various formulations ( n = 3). (L) Western blot analysis of 
GSDME and N-GSDME expression following different treatments (177 Lu: 100 µCi mL− 1 , Lu-GAMP: 100 µg mL− 1 ). (M) RT-qPCR analysis of pyroptosis- 
related genes including Gsdme , Il-18 , Il-1b , and Tnfa ( n = 4). (N) LDH release in culture supernatants post-treatment ( n = 3). (O) Flow cytometry plots 
and (P) quantification of CD11c+ CD86+ mature dendritic cells in DC2.4 cells treated with different formulations ( n = 3). Data are presented as the mean 
± SD. ns, not significant ( p > 0.05), * p < 0.05, ** p < 0.01, *** p < 0.001. 
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FIGURE 4 (A) Photograph, optical microscopy and SEM images of Lu-GAMP@MN. (B) SEM-EDS analysis of the needle tip of Lu-GAMP@MN. 
(C) Mechanical compression strength comparison between HA/MN and Lu-GAMP@MN. (D) H&E staining of murine skin following application of Lu- 
GAMP@MN. (E) Dissolution profile of Lu-GAMP@MN after insertion into murine skin. (F) Fluorescence image of NR-labeled Lu-GAMP-integrated 
MNs. (G) In vivo fluorescence imaging of NR-labeled Lu-GAMP@MN in subcutaneous B16-F10-tumor-bearing mice. (H) In vivo biodistribution of 
radioactive 177 Lu-GAMP@MN at various time points following skin insertion ( n = 3). 
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he 3D conical architecture of Lu-GAMP@MN, with uniform
hape and consistent dimensions (Figure 4A ). SEM-EDS analysis
evealed the homogenous distribution of C, O, N, P, and Lu
lements within the needle tips, validating the successful incor-
oration of Lu-GAMP (Figure 4B ). Mechanical strength testing
howed smooth and continuous force-displacement curves for
oth blank HA microneedles and Lu-GAMP@MN, with no
bservable needle damage under applied forces up to 1 N per
eedle (Figure 4C ). At a displacement depth of 400 µm, the mea-
ured fracture forces for HA/MN and Lu-GAMP@MN were 0.39
nd 0.48 N/needle, respectively, both significantly higher than the
inimum threshold of 0.045 N/needle required for effective skin
enetration [ 48 ]. We next evaluated the cumulative release profile
f 177 Lu-GAMP in vitro. Upon immersion of the microneedles
n PBS, 177 Lu-GAMP was released rapidly from the microneedle
atrix within the first 20 min, reaching approximately 60%,
ollowed by a more gradual release that approached 80% by
20 min (Figure S20 ), suggesting that 177 Lu-GAMP was released
n a sustained manner as the HA matrix gradually dissolves. 
of 17

reati
The ability of Lu-GAMP@MN to penetrate the skin was further
explored in mice. H&E staining showed distinct microneedle
insertion profiles with an average penetration depth of 229.2 µm
(Figure 4D ). To assess dissolution kinetics, Lu-GAMP@MN was
applied to mouse skin for varying durations. Optical microscopy
revealed that the needle tips began dissolving within 10 min
and were completely dissolved after 60 min (Figure 4E ). To
evaluate biodistribution, NR-labeled Lu-GAMP was loaded into
microneedles and applied to B16-F10 subcutaneous melanoma-
bearing mice. Fluorescence microscopy confirmed successful
encapsulation of NR-labeled Lu-GAMP, with strong red fluores-
cence observed in the microneedles upon excitation (Figure 4F ).
In vivo fluorescence imaging demonstrated sustained localization
of NR-labeled Lu-GAMP at the tumor site for over 96 h after
application (Figure 4G and Figure S21 ), which may be attributed
to the multichannel delivery nature of microneedles, allowing
broader drug dispersion within the lesion. Gamma counter
analysis was performed to measure 177 Lu activity in major organs
and tumor tissue. Results showed high radioactivity localized
Exploration, 2026
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t the tumor site after applying the microneedle with minimal
ccumulation in the heart, liver, spleen, lungs, and kidneys
uring the 192-h monitoring period (Figure 4H and Table S4 ).
hese findings indicate prolonged tumor retention of 177 Lu-
AMP@MN and suggest the potential for improved anticancer
fficacy with reduced systemic toxicity. 

.5 177 Lu-GAMP@MN Suppresses Subcutaneous 
elanoma Growth In Vivo 

o evaluate the in vivo antitumor efficacy of 177 Lu-GAMP@MN, a
ubcutaneous melanoma model was established by inoculating
16-F10 cells into C57BL/6 mice (Figure 5A ). Once tumors
eached approximately 50 mm3 in volume, the mice were
andomly divided into five groups: 1) control group, the mice
ithout any treatment; 2) HA/MN, the blank microneedle; 3)

77 Lu@MN, the 177 Lu-loaded microneedle; 4) Lu-GAMP@MN, the
u-GAMP-loaded microneedle; 5) 177 Lu-GAMP@MN, the 177 Lu-
AMP-loaded microneedle. Tumor growth was monitored over
 12-day period. The HA/MN group showed tumor progression
omparable to the control group, indicating negligible thera-
eutic benefit (Figure 5B,C ). In contrast, treatment with 177 Lu-
AMP@MN resulted in pronounced tumor suppression, with the
umor growth inhibition (TGI) value of 77.8% following a single
dministration (Figure S22 ). Moderate inhibitory effects were
bserved in the 177 Lu@MN and Lu-GAMP@MN groups. Repre-
entative tumor images further confirmed the superior efficacy
f 177 Lu-GAMP@MN (Figure 5D ). Moreover, mice treated with
77 Lu-GAMP@MN demonstrated significantly prolonged survival
ompared to other groups (Figure 5E and Table S5 ). Immunoflu-
rescence analysis of tumor sections revealed increased γ-H2 AX
xpression and reduced Ki67 levels in the 177 Lu-GAMP@MN
roup, indicating extensive DNA damage and suppressed tumor
ell proliferation (Figure 5F and Figure S23 ). Serum biomark-
rs (AST, ALT, BUN, and CREA) remained within normal
anges, and body weight remained stable throughout treatment
Figures S24 and S25 ), suggesting excellent biocompatibility of
77 Lu-GAMP@MN. 

n addition, the activation of the STING pathway in vivo
as confirmed by the upregulation of p-STING, p-TBK1, p-
RF3, and IFN- β (Figure S26 ). Western blot analysis revealed
hat the phosphorylation levels of STING and its downstream
ignaling molecules, TBK1 and IRF3 in tumor tissues in the
77 Lu-GAMP@MN group were significantly increased, indicating
ffective signal transduction. Meanwhile, the elevated expression
f IFN- β, a key downstream effector, further verified the func-
ional activation of the STING pathway and its role in initiating
nnate immune responses. Next, the infiltration of immune cells
nto tumor sites after treatment was analyzed via flow cytometry
 days post-treatment. Mice treated with 177 Lu-GAMP@MN
howed a significant increase in CD11c+ CD86+ mature DCs
Figure 5G,H ), indicating enhanced antigen presentation. Simul-
aneously, this treatment promoted the infiltration of CD3+ CD4+
elper T cells and CD3+ CD8+ cytotoxic T cells (Figure 5I–L ). A
otable reduction in immunosuppressive myeloid-derived sup-
ressor cells (MDSCs, CD11b+ Gr-1+ ) was observed in the 177 Lu-
AMP@MN group (Figure S27 ). The proportion of natural killer
NK) cells was also elevated (Figure 5M,N ), reflecting enhanced
nnate immune activation. Together, these results demonstrate
xploration, 2026
that 177 Lu-GAMP@MN not only suppresses melanoma growth
but also elicits a robust antitumor immune response, contributing
to its overall therapeutic efficacy. 

2.6 In Vivo Synergistic Antitumor Efficacy of 
177 Lu-GAMP@MN Combined With aPD-L1 Immune 
Checkpoint Blockade 

Combining therapeutic modalities presents a compelling strategy
to improve the efficacy of ICIs, especially those targeting PD-L1,
by engaging complementary immunomodulatory mechanisms.
To evaluate this strategy, we conducted an in vivo study to
examine the synergistic antitumor effects of 177 Lu-GAMP@MN
in combination with aPD-L1 therapy (Figure 6A ). After 16 days
of treatment, mice receiving the combination therapy exhibited
significantly reduced primary tumor volumes, achieved a TGI of
82.1% in primary tumors, and showed delayed tumor progres-
sion compared to those receiving monotherapy (Figures 6B–D
and Figure S28 ). Furthermore, the combined treatment sig-
nificantly extended overall survival (Figure 6E and Table S6 ).
Immunofluorescence staining revealed increased γ-H2 AX expres-
sion and reduced Ki67 levels in the combination group, indicating
enhanced DNA damage and suppressed tumor cell proliferation,
likely due to radiation-induced genotoxic stress (Figure 6F and
Figure S29 ). To elucidate the immune mechanisms driving
these effects, we analyzed tumor-infiltrating lymphocytes and
effector cytokine expression. Flow cytometry revealed a notable
increase in CD3+ CD4+ helper T cells and CD3+ CD8+ cytotoxic
T cells, particularly in the combination group (Figure 6G,H ).
Moreover, 177 Lu-GAMP@MN combined with aPD-L1 markedly
elevated the levels of IFN- γ+ CD4+ T cells and GZMB+ CD8+ T
cells (Figure 6I–L ), reflecting enhanced T cell activation and
cytolytic function. Collectively, these findings demonstrate that
the combined approach not only promotes T cell infiltration
into the TME but also boosts their effector functions, thereby
amplifying immune-mediated tumor eradication. 

2.7 Boosting Abscopal Effects by Combining 
177 Lu-GAMP@MN With aPD-L1 

Encouraged by the potent antitumor immune responses elicited
by 177 Lu-GAMP@MN, we next investigated its ability to induce
abscopal effects when combined with aPD-L1. An artificial
metastatic B16-F10 tumor model was established by inoculating a
secondary tumor on the contralateral flank following micronee-
dle therapy of the primary tumor (Figure 6A ). While monother-
apy with either 177 Lu-GAMP@MN or aPD-L1 partially suppressed
distant tumor growth, the combination therapy produced a
synergistic antitumor response, resulting in enhanced regression
of both primary and distant tumors compared to either treatment
alone (Figure 7A–C ). Immune profiling further revealed substan-
tial remodeling of the tumor immune microenvironment. Flow
cytometry showed that both monotherapies modestly increased
CD8+ cytotoxic T cell infiltration, whereas the combination treat-
ment caused a marked CD8+ T cell accumulation (Figure 7D,E ),
suggesting synergistic activation and recruitment of cytotoxic
lymphocytes. Further immunophenotyping highlighted critical
changes in memory T cell subsets, including central memory
T cells (TCM, CD44+ CD62L+ ) and effector memory T cells
9 of 17
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FIGURE 5 (A) Schematic illustration of 177 Lu-GAMP@MN-mediated antitumor therapy in B16-F10 tumor-bearing mice. (B) Individual and (C) 
average tumor growth curves across different treatment groups ( n = 5). (D) Representative images of excised tumors after 12 days of treatment ( n = 4). 
(E) Kaplan–Meier survival curves of mice receiving various therapies ( n = 5). (F) Immunofluorescence staining of γ-H2 AX and Ki67 in tumor tissues 
harvested after treatment. (G) Representative flow cytometry scatter plots and (H) quantification of CD11c+ CD86+ dendritic cells within tumor tissues 
( n = 4). (I) Representative scatter plots and (J) corresponding quantification of CD3+ CD4+ helper T cells within tumor tissues ( n = 4). (K) Representative 
scatter plots and (L) quantification of CD3+ CD8+ cytotoxic T cells within tumor tissues ( n = 4). (M) Representative scatter plots and (N) quantification 
of NK cell populations within tumor tissues ( n = 4). Data are presented as the mean ± SD. ns, not significant ( p > 0.05), * p < 0.05, ** p < 0.01, *** p < 

0.001. 
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FIGURE 6 (A) Schematic diagram illustrating the treatment strategy combining 177 Lu-GAMP@MN and aPD-L1 for the management of both 
primary and distant tumors. (B) Individual and (C) average tumor growth curves across different treatment groups ( n = 5). (D) Representative images 
of excised tumors after 16 days of treatment ( n = 4). (E) Kaplan–Meier survival curves of mice receiving different therapeutic regimens ( n = 5). (F) 
Immunofluorescence staining of γ-H2 AX and Ki67 in tumor tissues collected post-treatment. Quantification of tumor-infiltrating (G) CD3+ CD4+ helper 
T cells and (H) CD3+ CD8+ cytotoxic T cells ( n = 4). (I) Representative flow cytometry plots and (J) quantification of IFN- γ+ CD4+ T cells within tumor 
tissues ( n = 4). (K) Representative flow cytometry plots and (L) quantification of GZMB+ CD8+ T cells within tumor tissues ( n = 4). Data are presented 
as the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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TEM, CD44+ CD62L− ), which contribute to long-term immune
urveillance and rapid recall responses, respectively. Although
ll treatment groups induced TCM and TEM infiltration, the
ombination therapy markedly expanded the total CD8+ memory
 cell population, with a predominance of the TEM subset
Figure 7F–H ). This TEM-biased profile suggests that 177 Lu-
AMP@MN combined with aPD-L1 not only improves tumor
radication but also reprograms systemic antitumor immunity to
xploration, 2026
support long-term immunological memory and reduce the risk of
metastasis or recurrence. 

3 Conclusion 

In this study, we developed a novel radiolabeled CPs-based
microneedle platform (177 Lu-GAMP@MN) that integrates
11 of 17
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FIGURE 7 (A) Individual and (B) average growth curves of distant tumors following various treatments ( n = 5). (C) Photographs of excised tumors 
post-treatment ( n = 4). (D) Representative flow cytometry scatter plots and (E) quantification of CD3+ CD8+ cytotoxic T cells infiltrating distant tumor 
tissues ( n = 4). (F) Representative scatter plots showing the distribution of central memory T cells (TCM, CD44+ CD62L+ ) and effector memory T cells 
(TEM, CD44+ CD62L− ) in tumors harvested after treatment. Quantification of (G) TCM and (H) TEM populations in distant tumors ( n = 4). Data are 
presented as the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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ocalized brachytherapy with immune modulation to improve
elanoma treatment. The 177 Lu-GAMP complex, formed through
he self-assembly of 177 Lu3 + with nucleotide ligands, effectively
ctivates the STING pathway and induces GSDME-mediated
yroptosis, thereby providing robust antitumor immune
esponses. Incorporation of 177 Lu-GAMP into dissolvable
icroneedles enables precise transdermal delivery with
fficient retention at tumor site while ensuring safety. In
ivo studies demonstrated that 177 Lu-GAMP@MN not only
uppressed melanoma growth and improved overall survival
ut also facilitated DC maturation and enhanced T cell and
K cell infiltration. Furthermore, combination with aPD-L1
herapy resulted in synergistic therapeutic effects, reinforced
 cell functionality, and durable immunological memory,
emonstrating significant inhibition of both primary and
istant tumors in murine models. These findings highlight
he potential of 177 Lu-GAMP@MN as a minimally invasive,
2 of 17
multifunctional transdermal platform for enhancing melanoma
immunotherapy. 

4 Materials and Methods 

4.1 Materials 

Adenosine monophosphate (AMP) and Guanidine monophos-
phate (GMP) were purchased from MedChemExpress Co., Ltd
(Shanghai, China). Polydimethylsiloxane (PDMS) was purchased
from Chipscreen Co., Ltd (Taizhou, China). Hyaluronic acid
(HA, Mw ∼ 10 kDa) was purchased from MeilunBio Co., Ltd
(Dalian, China). 177 Lu was purchased from HTA Co., Ltd (Beijing,
China). DMEM, RPMI 1640, annexin V-FITC apoptosis detec-
tion kit, and 2 ′ ,7 ′ -Dichlorofluorescin (DCFH-DA) were supplied
by Solarbio Co., Ltd (Beijing, China). Bovine serum albumin
Exploration, 2026
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BSA), methyl thiazolyl tetrazolium (MTT), 4 ′ ,6-diamidino-2-
henylindole (DAPI) and Calcein AM/PI staining kit were
btained from Beyotime Co., Ltd (Shanghai, China). Nile red
NR) was obtained from Sinopharm Co., Ltd (Shanghai, China).
ll antibodies for Western blot were obtained from Cell Signaling
echnologies (CST, US). All antibodies for flow cytometry were
btained from BioLegend Co., Ltd (US). aPD-L1 was obtained
rom Bio X Cell Co., Ltd (US). 

.2 Preparation and Characterization of 
77 Lu-GAMP 

u-GAMP was synthesized via a self-assembly method. Specif-
cally, 100 µL each of AMP and GMP solutions (100 m m )
ere added to 5 mL of ultrapure water and vigorously mixed.
ubsequently, 200 µL of LuCl3 solution (100 m m ) was slowly
ntroduced under continuous stirring. After an additional 30 min
f stirring, the mixture was centrifuged at 10000 rpm for 10 min,
nd the supernatant was discarded. The resulting precipitate was
edispersed in 5 mL of water and dissolved under stirring. The
olution was then subjected to ultrasonication in an ice bath
o obtain Lu-GAMP. For the NR-labeled Lu-GAMP preparation,
0 µL of NR solution (5 mg mL− 1 ) was mixed with Lu-GAMP
nd then incubated under gentle stirring at room temperature
or 30 min. The mixture was centrifuged to collect the NR-
oaded nanoparticles, and the supernatant containing free NR
nd residual solvent was discarded. The nanoparticles were
esuspended in fresh deionized water. This washing process was
epeated several times to ensure complete removal of unloaded
R. Additionally, 177 Lu-GAMP was prepared by radiolabeling
u-GAMP with a trace amount of [177 Lu]LuCl3 using the same
elf-assembly synthesis protocol. Concretely, 100 µL each of
MP and GMP solutions (100 m m ) were added to 5 mL of
ltrapure water and vigorously mixed. Afterwards, 200 µL of
177 Lu]LuCl3 (40 mCi mL− 1 , 100 m m ) was slowly introduced under
ontinuous stirring for 30 min. Then the 177 Lu-GAMP was isolated
y centrifugation (12,000 rpm, 15 min), and resuspended it in 5 mL
f water and sonicated to disperse it evenly. 

he particle size and polydispersity index (PDI) of the Lu-GAMP
ere measured using dynamic light scattering (DLS, Malvern,
K), while its morphology and surface elemental distribution
ere characterized by transmission electron microscopy coupled
ith energy-dispersive X-ray spectroscopy (TEM-EDS, Tecnai G2
20, FEI, US). The radiolabeling rate and radiolabeling stability
f 177 Lu-GAMP was measured using gamma counter (WIZARD,
erkinElmer, US). 

.3 Cell Culture 

he B16-F10 mouse melanoma cells and DC 2.4 mouse dendritic
ells were obtained from the American Type Culture Collection
ATCC). The B16-F10 cells were cultured in DMEM medium
upplemented with 10% FBS at 37◦C in a humidified incubator
ith 5% CO2 , and the DC 2.4 cells were cultured in 1640 medium
upplemented with 10% FBS at 37◦C in a humidified incubator
ith 5% CO2 . Cells were regularly monitored and passaged to
aintain optimal growth conditions. 
xploration, 2026
4.4 Cellular Uptake and Lysosomal Escape 

B16-F10 cells were seeded into confocal culture dishes and
incubated overnight. Then, cells were treated with NR-labeled
Lu-GAMP for 0.5, 1, 2, 4, or 6 h. After washing with PBS, the
cells were stained with LysoTracker and Hoechst 33342, then
imaged using a confocal laser scanning microscope (CLSM, Zeiss,
Germany). 

4.5 Quantitative Real-Time Polymerase Chain 

Reaction (qRT-PCR) 

Total RNA was extracted using RNAiso Plus reagent (Takara Bio
Inc.), and complementary DNA (cDNA) was synthesized with
the PrimeScript RT reagent kit (Takara Bio Inc.). Quantitative
real-time PCR was then performed using SYBR Green reagent
(Bimake) in a two-step protocol. Gene expression levels were
analyzed using the 2− ΔΔCt method and normalized to β-actin as
the internal control. 

4.6 Western Blot 

After extracting proteins from cell lysates, their concentrations
were determined using the Bicinchoninic Acid (BCA) Assay
Kit (Beyotime). Proteins were separated by electrophoresis on a
12% SDS-PAGE gel, transferred onto a polyvinylidene difluoride
(PVDF) membrane, and blocked with 5% skim milk. The mem-
brane was then incubated with primary antibodies for STING,
p-STING, GSDME, N-GSDME, TBK1, p-TBK1, GAPDH, and β-
actin overnight at 4◦C, followed by incubation with appropriate
secondary antibodies. Protein bands were visualized using an
enhanced chemiluminescence (ECL) imaging system. 

4.7 Molecular Docking Study 

Molecular docking analyses were performed using Discovery
Studio 3.1. The crystal structures of murine STING (PDB ID:
4KC0) and human STING (PDB ID: 4EMU) were retrieved
from the Protein Data Bank. The Lu-GAMP ligand and receptor
proteins were prepared and energy-minimized within Discovery
Studio using the CHARMm force field. Docking simulations were
executed using the GOLD program. The binding interactions and
conformations were subsequently visualized using PyMOL. 

4.8 Cell Viability Assay 

B16-F10 cells were seeded in 96-well plates at a density of 2000
cells per well and incubated overnight to allow cell attachment.
The next day, cells were treated with various formulations (177 Lu,
Lu- GAMP, 177 Lu- GAMP) for 48 h. Following treatment, the
culture medium was removed, and 100 µL of MTT solution (5 mg
mL− 1 ) was added to each well. After a 4-h incubation at 37◦C, the
absorbance at 570 nm was measured using a microplate reader
(EPOCH-SN, BioTek, USA). 
13 of 17
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.9 Detection of LDH Release 

DH levels in the culture supernatants were measured using
he LDH Cytotoxicity Assay Kit (Promega, USA) in accordance
ith the manufacturer’s instructions. Following 24-h treatment
ith varying concentrations of 177 Lu, 120 µL of supernatant was
ransferred to 96-well plates. Then, 60 µL of LDH detection
eagent was added to each well and incubated for 30 min.
bsorbance was subsequently measured at 490 nm using a
icroplate reader. 

.10 Live/Dead Cell Staining Assay 

16-F10 cells were seeded onto cell culture slides placed in a 12-
ell plate. Once the cells reached approximately 70% confluency,
 µL of Calcein-AM was added, mixed thoroughly by pipetting,
nd incubated at 37◦C in the dark for 25 min. Subsequently,
 µL of propidium iodide (PI) was added to the stained cells
nd incubated at room temperature in the dark for an additional
 min. Following staining, the cells were centrifuged to remove
he staining solution, and the slides were transferred onto glass
icroscope slides. Coverslips were gently applied, and the sam-
les were observed under an inverted fluorescence microscope
Leica, Germany) to identify live cells (green fluorescence) and
ead cells (red fluorescence). 

.11 PI-Positive Flow Cytometry Analysis 

16-F10 cells were seeded into six-well plates and treated with
ifferent formulations for 24 h. After incubation, the cells were
ollected in centrifuge tubes. They were then stained with
ropidium iodide (PI) in the dark for 5 min. The stained samples
ere analyzed by flow cytometry using a BD Biosciences system
USA). 

.12 Intracellular ROS Detection 

16-F10 cells were seeded in six-well plates and incubated
vernight. The following day, cells were treated with various
ormulations and further incubated for 24 h. After treatment,
ells were washed and incubated with DCFH-DA (10 µm ) in PBS
or 20 min in the dark. Fluorescence signals were subsequently
bserved using an inverted fluorescence microscope. 

.13 Immunofluorescence Staining 

lass coverslips were pre-coated with poly- l -lysine (Procell,
hina) and placed in six-well plates. B16-F10 cells were seeded
nto the coated slides and incubated overnight. Then, the cells
ere treated with various formulations for 24 h After treatment,
he slides were washed and fixed with 4% paraformaldehyde.
ermeabilization was achieved using 0.2% Triton X-100 for
0 min, followed by blocking with 10% goat serum for 30 min. The
lides were then incubated overnight at 4◦C with diluted primary
ntibodies targeting γ-H2 AX. Subsequently, a secondary antibody
as added and incubated at 37◦C for 1 h. Finally, the nuclei
4 of 17
were counterstained with DAPI, and fluorescence signals were
captured using a confocal laser scanning microscope (CLSM,
ZEISS, Germany). 

4.14 DCs Maturation 

DC 2.4 cells were seeded into six-well plates and treated with
various formulations for 24 h. After incubation, DC 2.4 cells
were collected, washed with PBS, and resuspended in fresh
PBS. To block Fc receptors, the cell suspension was incubated
with CD16/32, followed by staining with a panel of fluorophore-
labeled antibodies (anti-Gr1-BV510, anti-MHC II-FITC, anti-
CD11c-APC, and anti-CD86-PE-CY7) in the dark for 30 min. Flow
cytometry was then conducted using a BD Biosciences analyzer
(USA). 

4.15 Preparation and Characterization of 
177 Lu-GAMP@MN 

The 177 Lu-GAMP-loaded microneedle (177 Lu-GAMP@MN) was
prepared using a micro-molding technique. Briefly, 1 g of
hyaluronic acid (HA) powder was dissolved in 10 mL of PBS to
obtain a 10% HA solution. 177 Lu-GAMP was added and uniformly
dispersed by ultrasonication. A total of 100 µL of this matrix
solution was poured into microneedle molds, ensuring complete
filling of the cavities. The molds were centrifuged at 4500 rpm
for 30 min and then vacuumed at room temperature for 10 min.
After removing excess solution, a 50% HA solution was added,
followed by another round of centrifugation and degassing. The
molds were dried at 30◦C for 12 h. The dried microneedles were
then demolded to obtain the 177 Lu-GAMP@MN. 

The radiolabeling efficiency of 177 Lu-GAMP within the micronee-
dles was determined using a gamma counter. Morphological
features and dimensional analysis were conducted via scanning
electron microscopy (SEM). To examine their transdermal pene-
tration and degradation behavior, the microneedles were applied
to the dorsal skin of mice. At designated time points (0, 5, 10, 20,
40, and 60 min), microneedles were removed and their structure
assessed using an inverted optical microscope. Skin samples were
fixed in paraformaldehyde, stained with H&E, and evaluated
microscopically for tissue integrity. 

4.16 Animal Model 

All animal procedures were approved by the Ethics Committee
of Xiangya Hospital, Central South University, and conducted
in strict accordance with the “3R” principle for animal experi-
mentation (Ethics Code: 202411194). B16-F10 cells were harvested,
rinsed three times with PBS, and resuspended in cold serum-
free DMEM medium. A total of 1 × 106 B16-F10 melanoma cells
in 100 µL of medium were subcutaneously injected into the
right flank of 8-week-old female C57BL/6 mice (Shanghai SLAC
Laboratory Animal Co., Ltd.). Once tumors became palpable, the
mice were randomly assigned to treatment groups. Tumor size
was measured every other day using a digital caliper, and volume
was calculated as V = (length × width2 )/2. 
Exploration, 2026
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.17 In Vivo Penetration Capability 

fter anesthetizing the mice, the dorsal skin was shaved and
isinfected. The 177 Lu-GAMP@MN was applied to the treated
rea and removed at specific time points (5, 10, 30, and 60 min).
icroneedle degradation was evaluated and recorded using an
ptical microscope (Scope.A1, ZEISS, Germany). To assess skin
ecovery, an additional microneedle patch was inserted into the
orsal skin and removed after 2 min. The excised skin tissue was
ixed in 4% paraformaldehyde and subjected to H&E staining. 

.18 In Vivo Accumulation and Biodistribution 

ehavior 

hen tumor volumes reached approximately 50 mm3 , NR-
abeled microneedle patches were applied to the tumor site
nd removed after 2 h. The intratumoral accumulation of
77 Lu-GAMP@MN was subsequently monitored using in vivo
luorescence imaging (S12-FMT400010, PerkinElmer, USA). For
iodistribution analysis, 177 Lu-GAMP@MN was administered via
icroneedle insertion into tumor-bearing mice. At predeter-
ined time points (2, 24, 48, 72, and 96 h), the mice were
uthanized, and radioactivity levels in the heart, liver, spleen,
ungs, kidneys, and tumor were quantified using a gamma
ounter. 

.19 In Vivo Antitumor Efficiency 

hen the tumor volume reaches approximately 50 mm3 , tumor-
earing mice are randomly allocated into five groups ( n = 5):
) control group, 2) HA/MN, 3) 177 Lu@MN, 4) Lu-GAMP@MN,
) 177 Lu-GAMP@MN. Tumor dimensions and body weight are
onitored every 3 days. On day 12 post-treatment, mice are
uthanized, and blood is collected via retro-orbital bleeding, fol-
owed by centrifugation to obtain serum for biochemical analysis.
imultaneously, tumor tissues are harvested for flow cytometry.
n survival studies, the experimental endpoint is defined by either
pontaneous death or tumor progression exceeding 2000 mm3 . 

urthermore, the in vivo antitumor efficacy of 177 Lu-GAMP@MN
n combination with aPD-L1 was evaluated against both primary
nd distant melanoma tumors. B16-F10 cells suspended in PBS
ere subcutaneously injected into the upper left flank of mice to
stablish primary tumors, while additional cells were inoculated
n the opposite flank to model distant tumors. Mice were ran-
omly divided into four groups: 1) control, 2) 177 Lu-GAMP@MN
lone, 3) aPD-L1 alone, and 4) combined 177 Lu-GAMP@MN
nd aPD-L1 (2.5 mCi kg− 1 ). When the primary tumor reached
pproximately 50 mm3 , the microneedle patch was applied, and
istant tumor inoculation was performed on the same day. aPD-
1 was administered intravenously on days 7 and 9. Tumor
olume and body weight were recorded every 3 days, and mice
ere sacrificed on day 16 post-treatment. 

.20 In Vivo Immunofluorescence Analysis 

xcised tumor tissues were embedded in paraffin and sectioned.
he sections were incubated at 60◦C to facilitate deparaffiniza-
xploration, 2026
tion, followed by blocking with 10% goat serum. Subsequently,
the sections were incubated overnight at 4◦C with primary
antibodies targeting Ki67 and γ-H2 AX. After washing, appropriate
secondary antibodies were applied. Nuclei were counterstained
with DAPI, and fluorescence images were acquired using an
inverted fluorescence microscope. Apoptotic cells were identified
using a Colorimetric TUNEL Apoptosis Detection Kit (Beyotime,
China) in accordance with the manufacturer’s protocol. 

4.21 In Vivo Flow Cytometry Analysis 

Tumor tissues were enzymatically digested in DMEM and filtered
through a cell strainer to generate single-cell suspensions. The
cells were subsequently treated with red blood cell lysis buffer. To
assess DC maturation, CD4+ and CD8+ T cell, NK cell, MDSC,
and memory T cell infiltration, and the activation of central
and effector memory T cells, the suspensions were stained with
corresponding antibodies. Flow cytometry was then conducted to
analyze the immune cell populations. 

4.22 Statistical Analyses 

All data were analyzed using GraphPad Prism 8.0 and Image J
1.8.0 software. The measurement data, obtained from three or
more independent repeated experiments, were expressed as mean
± standard deviation (mean ± SD). Paired Student’s t -test or
one-way analysis of variance (ANOVA) was employed for data
analysis, with p < 0.05 considered statistically significant. The
significance levels were denoted as follows: p < 0.05 (*), p < 0.01
(**), and p < 0.001 (***). 
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