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A Bioactive Injectable Hydrogel Regulates Tumor Metastasis
and Wound Healing for Melanoma via NIR-Light Triggered
Hyperthermia

Xueyi Liu, Meifang Shen, Tiejun Bing, Xinyun Zhang, Yifan Li, Qing Cai, Xiaoping Yang,
and Yingjie Yu*

Surgical resection remains the mainstream treatment for malignant
melanoma. However, challenges in wound healing and residual tumor
metastasis pose significant hurdles, resulting in high recurrence rates in
patients. Herein, a bioactive injectable hydrogel (BG-Mngel) formed by
crosslinking sodium alginate (SA) with manganese-doped bioactive glass
(BG-Mn) is developed as a versatile platform for anti-tumor immunotherapy
and postoperative wound healing for melanoma. The incorporation of Mn2+

within bioactive glass (BG) can activate the cGAS-STING immune pathway to
elicit robust immune response for cancer immunotherapy. Furthermore,
doping Mn2+ in BG endows system with excellent photothermal properties,
hence facilitating STING activation and reversing the tumor
immune-suppressive microenvironment. BG exhibits favorable angiogenic
capacity and tissue regenerative potential, and Mn2+ promotes cell migration
in vitro. When combining BG-Mngel with anti-PD-1 antibody (𝜶-PD-1) for the
treatment of malignant melanoma, it shows enhanced anti-tumor immune
response and long-term immune memory response. Remarkably, BG-Mngel

can upregulate the expression of genes related to blood vessel formation and
promote skin tissue regeneration when treating full-thickness wounds.
Overall, BG-MnGel serves as an effective adjuvant therapy to regulate tumor
metastasis and wound healing for malignant melanoma.
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1. Introduction

Malignant melanoma is a highly metastatic
and aggressive tumor that relies on surgery
to remove superficial tumors and surround-
ing skin tissue.[1] However, incomplete sur-
gical resection and deeper tumor tissue lead
to tumor recurrence or metastasis,[2] result-
ing in a long and infection-prone recov-
ery period for postoperative skin defects.[3]

Therefore, a treatment that can effectively
eliminate residual infiltrating tumor cells
while accelerating wound healing is crucial
for melanoma treatment.

In the past decade, immunotherapy
has significantly changed the landscape
of melanoma treatment. Immune check-
point blockade (ICB), such as anti-PD-1
antibody (𝛼-PD-1), can enhance the recog-
nition between T cells and tumor cells,
which reverses the immune suppression
in the tumor microenvironment.[4] How-
ever, its efficacy largely depends on the
recruitment of tumor-infiltrating lympho-
cytes (TILs).[5] Photothermal therapy (PTT),
which converts light energy to heat en-
ergy, has demonstrated great potential in re-
versing tumor-suppressive environment.[6]

There is growing evidence that hyperthermia contributes to an
increase in blood flow within the tumor microenvironment, fa-
cilitating the entry of immune cells such as TILs into the tumor,
thereby enhancing their infiltration capabilities. Additionally, hy-
perthermia can directly affect the survival of tumor cells, making
them more susceptible to recognition and elimination by the im-
mune system.[7]

The cyclic GMP–AMP synthase (cGAS) – stimulator of inter-
feron genes (STING) signaling pathway, as an important cyto-
plasmic DNA-sensing pathway, takes part in regulating cancer
immune response by triggering the production of type I inter-
ferons (IFN).[8] Notably, manganese ion (Mn2+) has been shown
to activate STING pathway.[9] When activated by Mn2+, STING
can facilitate the production of type I interferons and other pro-
inflammatory cytokines, boosting the immune system to detect
and fight against cancer. Notably, this process can lead to in-
creased infiltration of immune cells in tumor microenvironment,
hence enhancing the recognition and elimination of tumor cells.
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Beyond their robust anti-tumor immune activation proper-
ties, both Mn2+ and mild hyperthermia play significant roles
in tissue regeneration, synergistically promoting the recovery of
damaged tissues by facilitating cell growth and reducing inflam-
mation. Mn2+ plays a critical role in the regulation of integrin
expression.[10] Hyperthermia facilitates blood circulation by in-
creasing the temperature of the damaged area. The enhanced
blood flow delivers more oxygen and nutrients, supporting cel-
lular repair and growth. The elevation of local tissue tempera-
ture can promote cell proliferation, and accelerate the tissue re-
pair process.[11] Collectively, the combination of Mn2+ and hyper-
thermia exhibit great promise in both anti-tumor immunity and
wound healing.[12]

Herein, we synthesized Mn-doped bioactive glass (BG-Mn).
On one hand, Mn2+ activates the STING pathway to elicit anti-
tumor response; on the other hand, the doping of Mn2+ endows
the excellent photothermal properties to BG, which enhances the
uptake of nanoparticles in cancer cells, thereby effectively im-
proving anti-tumor immune activation. Considering the poten-
tial of Mn2+ in stimulating the STING pathway, a platform en-
abling sustained release of Mn2+ in tumor tissue is highly de-
sired. Hydrogel, crosslinked polymer networks infiltrated with
water, serve as an ideal system to regulate tumor growth and
wound healing for the treatment of melanoma.[13] By blending
BG-Mn into sodium alginate (SA) solution, injectable composite
hydrogels (BG-Mngel) were prepared, achieving in situ treatment
of melanoma (Scheme 1a).[14] The near-infrared (NIR) light-
mediated mild hyperthermia also enables accelerated release of
Mn2+ in BG-Mngel, which facilitates immune activation and tis-
sue regeneration at the tumor site (Scheme 1b). In vivo, we estab-
lished a subcutaneous B16F10 tumor model in mice to evaluate
the anti-cancer effect of BG-Mngel. Through enhanced STING ac-
tivation triggered by NIR light, BG-Mngel can synergistically in-
hibit tumor growth. When combining with 𝛼-PD-1, BG-Mngel ac-
tivated long-term anti-tumor immune responses to prevent the
recurrence of malignant melanoma.[15] In in vivo wound healing
model, BG-Mngel promotes the angiogenic to achieve expeditious
wound healing (Scheme 1c). Overall, BG-Mngel serves as a versa-
tile platform in regulation of tumor metastasis and wound heal-
ing, hence demonstrating a great potential in the treatment of
malignant melanoma.[16]

2. Results and Discussion

2.1. Synthesis and Characterization of BG-Mn

To achieve efficient loading of Mn2+, we synthesized Mn2+-doped
bioactive glass (BG-Mn) using sol–gel method (Figure 1a).[17] Op-
tical images showed that after incorporation of Mn2+, the powder
color changes from white to brown (Figure 1a). The morphol-
ogy of BG-Mn was characterized through scanning electron mi-
croscopy (SEM), revealing that BG-Mn exhibited a spherical mor-
phology with uniform dispersion (Figure 1b). Dynamic light scat-
tering (DLS) results showed the diameter distribution of BG-Mn,
which is consistent with SEM results (Figure 1c).

Subsequently, X-ray photoelectron spectroscopy (XPS) was
employed to characterize the element composition, revealing dis-
tinct signals of Ca, Si, P, and Mn in BG-Mn (Figure S1, Sup-

porting Information). Furthermore, the spectrum of Mn 2p sig-
nals exhibited strong peaks of Mn2+ 2p1/2 and Mn2+ 2p3/2, con-
firming the successful doping of Mn2+ in BG-Mn (Figure 1d).
Fourier-transform infrared spectroscopy (FTIR) was utilized to
investigate the composition of nanoparticles (Figure 1e). The re-
sults displayed absorption peaks at 3441 and 1100 cm−1, which
correspond to H-O-H and Si-O-Si in BG and BG-Mn. Figure 1f
shows the UV–vis spectra of both nanoparticles. No absorption
can be observed in BG. Conversely, with the incorporation of
Mn2+, absorption peak can be observed at 808 nm in BG-Mn.[18]

The photothermal properties of BG-Mn were further character-
ized and the temperature of the solution under 808 nm laser
irradiation gradually rose with increasing concentration of BG-
Mn suspension (Figure S2, Supporting Information). The pho-
tothermal conversion efficiency for BG-Mn was calculated as
47.9%.[19] Whereas the temperature of pure BG suspension re-
mained nearly unchanged, demonstrating that the doping of
Mn2+ effectively endowed BG with enhanced photothermal prop-
erties.

2.2. Preparation and Characterization of BG-Mngel

To achieve sustained Mn2+ release for topical treatment of
melanoma, we continued to incorporate BG and BG-Mn into
sodium alginate (SA) solution to prepare BG and BG-Mn con-
tained hydrogel, respectively (denoted as BGgel and BG-Mngel).[20]

Figure 1g shows the preparation process of BG-Mngel. The digital
photographs show that upon mixing SA solution with BG or BG-
Mn solution, hydrogel was formed within 1 min in the presence
of Ca2+ and Mn2+ released from BG and BG-Mn, demonstrat-
ing the successful preparation of composite hydrogel (Figure 1h).
The shape stability and controllability can be maintained after the
injection. The rheology results showed that within the entire an-
gular frequency range (0.1–100 rad s−1), the storage modulus (G′)
of BGgel and BG-Mngel are consistently higher than the loss mod-
ulus (G″), indicative of a stable and solid-like rheological behavior
for both hydrogels (Figure 1i).

The morphology of the hydrogel was examined using SEM.
Clearly, BG-Mn was homogeneously dispersed in the porous
structure of hydrogel (Figure 1j; Figure S3, Supporting Infor-
mation). The elemental composition of BG-Mngel was then an-
alyzed by energy dispersive spectrometer (EDS), revealing a ho-
mogeneous distribution of C, Ca, and Mn across the hydrogel
matrix (Figure 1k; Figure S4, Supporting Information). These re-
sults demonstrate the effective loading of BG-Mn in the hydro-
gel. The compressive strength of BGgel and BG-Mngel was eval-
uated (Figure S5, Supporting Information). Given the remark-
able photothermal characteristics of BG-Mn, the photothermal
responsiveness of the composite hydrogels was then assessed.
Upon the irradiation of 808 nm laser (1 W·cm−2), the tempera-
ture of BG-Mngel gradually increased to 43 °C (Figure 1l,m). As
expected, the temperature of BGgel does not increase obviously
due to the absence of Mn2+. Excellent photothermal stability was
observed on BG-Mngel (Figure 1m). Additionally, the BG-Mngel

displayed superior photothermal stability (Figure S6, Supporting
Information). This comprehensive evaluation highlights the en-
hanced photothermal efficacy and stability of BG-Mngel owing to
the incorporation of Mn2+.
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Scheme 1. Schematic illustration showing a bioactive injectable hydrogel (BG-Mngel) for the regulation of tumor metastasis and wound healing for
melanoma. a) Fabrication process of BG-Mngel formed by crosslinking sodium alginate (SA) and ions (Mn2+ and Ca2+) released from BG-Mn. b)
Applications of BG-Mngel for cancer immunotherapy and wound healing.

Subsequently, we investigated the NIR-light-triggered Mn2+

release of BG-Mngel. As shown in Figure 1n, BG-Mngel demon-
strated a sustained release of Mn2+ in phosphate-buffered saline
(PBS) solutions at both pH 7.4 and pH 5.5. Conversely, both BGgel

and BG-Mngel exhibited rapid release in acidic environments,
possibly due to the pH sensitivity of SA, where ─COO− converts
to -COOH with reduced ionization. Notably, NIR-induced mild
hyperthermia accelerated the release rate of Mn2+ from BG-Mngel

at pH 5.5, hence demonstrating the light-triggered Mn2+ release.

Having confirmed the excellent photothermal properties of
BG-Mngel, we continued to study photoresponsiveness of hydro-
gel in B16F10 melanoma-bearing mice upon laser irradiation. In
vivo infrared thermal images showed that after intratumoral in-
jection of BG-Mngel, the temperature at the tumor site of mouse
rapidly increased to 44.7 °C in 8 min. Conversely, only negligi-
ble temperature can be observed at the tumor site of mice treated
with PBS and BGgel (Figure 1o). Together, these results indicate
that the BG-Mngel can achieve sustained release of Mn2+ and
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controlled accelerated release via NIR light induced-mild hyper-
thermia.

2.3. In Vitro Biocompatibility Study

Biocompatibility is a prerequisite for biomedical applications.
Therefore, we investigated the effects of BG-Mngel on the prolif-
eration and migration of fibroblasts in vitro. Live/dead staining
demonstrated that L929 fibroblasts maintained good cell viability
during the 5-day co-culture with BGgel and BG-Mngel (Figure S7,
Supporting Information). These findings indicate that BG-Mngel

exhibits excellent biocompatibility, making it suitable for in vivo
applications.

The long-term absence of reparative cells due to skin lesions
after skin cancer treatment severely impairs wound healing.[21]

Rapid cell migration is necessary for wound repair. Therefore, we
investigated the effects of bioactive hydrogels on the migration
of L929 cells through a scratch assay.[22] As shown in Figures S8
and S9 (Supporting Information), the PBS group exhibited min-
imal cell migration into the scratched area, while both the BGgel

and BG-Mngel groups showed a significant number of cells mi-
grating into the scratched area. After 24 h, the migration area in
the BG-Mngel and BG-Mngel groups was much larger than that in
the Blank group. Overall, BG-Mngel exhibited excellent biocom-
patibility.

2.4. Intracellular Uptake and STING Activation in Cancer Cells

As depicted in Figure 2a, the activation of the stimulator of in-
terferon genes (STING) pathway in tumor cells is closely related
to anti-tumor immunity.[23] First, we investigated the cellular in-
ternalization of Mn2+ in B16F10 cells using atomic absorption
spectrometry (AAS). The results showed that the accumulation
of Mn2+ increased gradually with the treatment time of BG-Mngel

(Figure 2b). Moreover, upon 808 nm laser irradiation, the heat
generated from BG-Mngel not only promoted the release of Mn2+

from the hydrogel but also significantly enhanced the cellular
uptake of Mn2+. At 7 h post-treatment, the Mn2+ accumulation
in B16F10 cells treated with BG-Mngel + L reached 82.86 ng/106

cells, which is 1.37 times higher than that with BG- Mngel, hence
demonstrating the efficient Mn2+ cellular internalization with
NIR irradiation.

The presence of Mn2+ enhances the activation of the cyclic
GMP-AMP synthase (cGAS)-STING pathway, from promoting
the production of cyclic GMP-AMP (cGAMP) to enhancing the
affinity between cGAMP and STING.[24] Therefore, we assessed
the capacity of BG-Mngel in STING activation in vitro. The im-

munofluorescence staining was carried out to visualize phos-
phorylated STING (p-STING) in B16F10 cells, providing insight
into the mechanistic efficacy of BG-Mngel in modulating STING
activation.[25] In Figure 2c, confocal laser scanning microscopy
(CLSM) images showed stronger green fluorescence intensity in
the nuclei of cells treated with BG-Mngel + L, indicating that the
combination of BG-Mngel and mild hyperthermia can effectively
induce STING activation. Quantification of the intracellular flu-
orescence intensity further revealed that the green fluorescence
intensity in cells treated with BG-Mngel + L was 1.38 times higher
than that with BG-Mngel (Figure S10, Supporting Information).
Subsequently, we examined the expression of STING pathway-
related proteins using Western blot. As depicted in Figure 2d,
the expression of phosphorylated TBK1 (P-TBK1), phosphory-
lated IRF3 (P-IRF3), and phosphorylated STING (P-STING) in-
creased in cells treated with BG-Mngel and BG-Mngel + L. No-
tably, cells treated with BG-Mngel + L exhibited the most signifi-
cant upregulation of protein levels, surpassing those treated with
BG-Mngel alone, consistent with the aforementioned CLSM im-
ages. Together, these results collectively demonstrate that BG-
Mngel can effectively activate the STING pathway, and mild hy-
perthermia can further enhance this process.

The maturation and activation of antigen-presenting cells
play a crucial role in STING-mediated anti-tumor immunity.
To validate the ability of BG-Mngel in augmenting the matu-
ration of dendritic cells (DCs) in vitro, we co-cultured B16F10
cells treated with different conditions with mouse bone marrow-
derived dendritic cells (BMDCs) (Figure 2e).[26] The maturation
level of BMDCs was detected using flow cytometry. As depicted
in Figure 2f, BG-Mngel + L induced the highest proportion of
mature BMDCs (53.93%), which was 11.0, 3.2, and 1.7 times
higher than those treated with PBS, BGgel + L, and BG-Mngel,
respectively (Figure 2g). In summary, the above results indicate
that BG-Mngel + L can enhance cellular uptake of Mn2+ to acti-
vate the STING pathway, induce phosphorylation of IRF3, TBK1,
and STING proteins, and ultimately promote the maturation of
BMDCs.

2.5. RNA-Sequencing Analysis

To investigate the anticancer mechanism of BG-Mngel, we con-
ducted genome-wide RNA-seq analysis on B16F10 cells treated
with different groups.[23] Figure 3a illustrates the gene correla-
tions within each group of cells. Notably, 798 genes were upreg-
ulated, and 912 genes were down-regulated in cells treated with
BG-Mngel + L compared to those treated with PBS. Furthermore,
Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) enrichment analysis showed that BG-Mngel and

Figure 1. Preparation and characterization of BG-Mn and BG-Mngel. a) A schematic showing the preparation and the optical images of BG and BG-Mn.
b) Representative SEM image of BG-Mn. c) Size distribution of BG-Mn detected by DLS. The inserted image represents the Tindal effect produced by
BG-Mn dispersed in PBS. d) X-ray photoelectron spectroscopy (XPS) spectra of BG-Mn. e) Fourier transform infrared spectroscopy (FT-IR) spectra of BG
and BG-Mn. f) Ultraviolet-visible (UV–vis) spectra of BG and BG-Mn. g) Schematic illustration showing the preparation process of injectable BG-Mngel.
h) Optical images of BG-Mngel during gelation process and injectability of BG-Mngel. i) Rheological behavior analysis of BGgel and BG-Mngel. j) SEM
images showing the porous structure of BG-Mngel. k) The representative elemental mapping image of BG-Mngel indicated the content of Mn, Ca, and
C. l) Infrared thermal images of BG-Mngel under 808 nm irradiation. m) Temperature profiles of BGgel and BG-Mngel under irradiation of 808 nm laser.
n) Cumulative release profiles of Mn2+ from BG-Mngel incubated in PBS (pH 5.5 or pH 7.4) with or without laser irradiation. o) In vivo infrared thermal
images of the B16F10 melanoma-bearing mice upon laser irradiation.
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Figure 2. BG-Mngel potentiates cGAS-STING activation enhanced by mild hyperthermia in vitro. a) Schematic showing the biological mechanism of
released Mn2+ in activating the cGAS-STING pathway in tumor cells with mild hyperthermia treatment. b) Intracellular uptake of Mn in B16F10 cells
treated with BG-Mngel. c) The CLSM images showed the expression of p-STING in B16F10 cells upon various treatments. d) Western blot analysis
showing the expression levels of STING pathways related proteins in B16F10 cells upon various treatments. e) Schematic illustration showing the
experimental process for evaluation of bone marrow-derived dendritic cells (BMDCs) maturation by flow cytometry. f) Flow cytometric profiles and g)
the corresponding semi-quantitative analysis of activated DC cells after incubation with B16F10 cells upon various treatments. Data represent mean
± standard deviation (SD) from n independent experiments (n = 3). Statistical significances between every two groups were calculated via one-way
ANOVA. **p < 0.01, ***p < 0.001, sp < 0.0001.
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Figure 3. Transcription analysis of B16F10 cells by RNA-seq after various treatments. a) Volcano plots displayed the differentially expressed genes
between cells with different treatments. b) Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of differentially
expressed genes between cells treated with BG-Mngel and PBS, BG-Mngel + L and PBS. c) GSEA analysis showed the genes sets of NF-kappa B signaling
pathway and natural killer cell mediated pathway. d) Heat-map of gene expression in cells treated with BG-Mngel + L and PBS.

Adv. Sci. 2024, 2402208 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2402208 (7 of 14)

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202402208 by Shanghai Jiaotong U

niversity, W
iley O

nline L
ibrary on [07/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

BG-Mngel + L predominantly affected genes in the p53, IFN-I,
and TNF signaling pathway (Figure 3b). The TNF signaling path-
way refers to the biological pathway triggered by TNF, which is a
cytokine involved in systemic inflammation. The TNF signaling
pathway involves the activation of NF-kB and MAPK, which are
important for inflammatory responses and cell survival. This re-
sults have also been validated in KEGG enrichment analysis. This
is due to BG-Mngel and hyperthermia inducing STING activation,
where STING, through its interactions with the IFN-I, TNF, and
NF-kB signaling pathways, collaboratively regulates anti-tumor
immunity.[27] These results collectively indicate that BG-Mngel

+L successfully activates STING pathway, downstream immune
cells, and signaling pathways related to anti-tumor immunity in
vitro. Interestingly, we observed an increase in PD-L1 expression
and the emergence of the PD-L1 and PD-1 checkpoint pathway
in BG-Mngel + L. Therefore, in subsequent in vivo experiments,
the use of a-PD-1 in combination could elicit robust immune re-
sponse.

Previous studies have indicated that Mn2+ can inhibit tumor
growth via STING-activated anti-tumor immunity. To investigate
whether BG-Mngel + L can affect the immune pathways acti-
vated by STING, we conducted a Gene Set Enrichment Analysis
(GSEA). The results display pathways related to STING activa-
tion in B16F10 cells, such as the NF- kB signaling pathway amd
NK-cell-mediated cytotoxicity (Figure 3c).[28] This indicated the
anti-tumor immune response induced by STING activation.

To further explore whether BG-Mngel + L could reverse the
immune suppressive tumor microenvironment, the heat-map
of gene expression in cells was presented. The results revealed
that genes such as CXCL10 and CCL5 were up-regulated in cells
treated with BG-Mngel + L (Figure 3d). At the same time, the ex-
pression of immune-stimulating factors, such as IL6 and IL23A,
was up-regulated in the cells treated with BG-Mngel + L. There-
fore, BG-Mngel + L can reverse the immunosuppressive microen-
vironment by stimulating the release of immune activation fac-
tors and proinflammatory factors. In summary, BG-Mngel + L can
promote STING activation, inducing a series of anti-tumor im-
mune responses, enhancing the expression and recruitment of
immune stimulatory factors, and ultimately reverse the immuno-
suppressive microenvironment to achieve enhanced immune re-
sponse.

2.6. In Vivo Immune Activation Evaluation

Having confirmed the activation of cGAS-STING pathway, we
continued to evaluate in vivo immune activation of BG-Mngel.
Notably, STING activation promotes the maturation of DCs,
tumor-specific antigen presentation, enhances the activation of
CD8+ T cells, and increases the generation of memory CD8+ T
cells.[29] Furthermore, mild hyperthermia can reshape the tumor
immune-suppressive microenvironment and is considered a key
factor in generating a favorable tumor immune environment.[30]

To investigate the synergistic effects of Mn2+ and mild hyper-
thermia on immune activation in vivo, we applied BG-Mngel to
melanoma tumor-bearing mice. Tumor and lymphoid tissues
were extracted from mice treated with different conditions, and
flow cytometry was used to analyze the populations of immune
cells (Figure 4a).

The maturation of DCs is crucial for T cell activation and anti-
tumor immunity. Therefore, we quantitatively assessed the pres-
ence of mature DCs (mDCs, CD11c+CD80+CD86+) in tumor-
draining lymph nodes (TDLNs) using flow cytometry. The results
showed that the proportion of mDCs in the BG-Mngel + L group
was as high as 50.4%, which was 1.19 times higher than that in
the BG-Mngel group (Figure 4b,c; Figure S11, Supporting Infor-
mation). Furthermore, the number of cytotoxic T lymphocytes
(CD8+ T cells, CD3+CD8+) in tumor tissues was 50.26% with BG-
Mngel + L treatment, which was 1.15 times higher than that of the
BG-Mngel group (Figure 4d,e; Figure S12, Supporting Informa-
tion). M1 macrophages (M1, FA/80+CD80+CD206−) play a cru-
cial role in immune surveillance by secreting pro-inflammatory
cytokines and chemokines while actively presenting antigens to
induce positive immune responses. However, M2 macrophages
(M2, F4/80+CD80−CD206+) with immunosuppressive character-
istics can inhibit the activation and proliferation of effector T
cells, leading to tumor immune evasion. Flow cytometry results
showed that the ratio of M2 to M1 cells in tumor tissues treated
with BG-Mngel + L was ≈0.75:1, which is 0.58 times lower than
that of BG-Mngel (Figure 4f,g; Figure S13, Supporting Informa-
tion). Furthermore, the proportion of myeloid-derived suppres-
sor cells (MDSCs) in tumor tissues of mice treated with BG-
Mngel + L group was markedly reduced (Figure 4h,i; Figure S14,
Supporting Information), corresponding to the M2/M1 ratio in
that group. This suggests that BG-Mngel + L can significantly im-
prove the tumor immune-suppressive microenvironment, lead-
ing to increased proliferation of immune-activated cells and sup-
pression of the growth of immune-suppressive cells at the tumor
site.[31]

2.7. Combination Therapy of BG-Mngel and a-PD-1 for Immune
Activation In Vivo

Immune checkpoint blockade (ICB), such as anti-PD-1 antibody
(𝛼-PD-1), aims to reverse immune suppression in the tumor mi-
croenvironment. We continued to investigate the synergistic ef-
fect of combining BG-Mngel + L with 𝛼-PD-1 (Figure 5a).[32] In
Figure 5b, the tumor growth curve showed that BG-Mngel + 𝛼-PD-
1+ L group can significantly suppress tumor growth compared to
other groups. Moreover, the survival time of mice in the BG-Mngel

+ 𝛼-PD-1 + L group was significantly prolonged (Figure 5c).
Therefore, we further investigated the immune memory effect

in mice by measuring the proportion of central memory T (TCM)
cells in tumor tissues. TCM cells correspond to antigen recogni-
tion, proliferation, and differentiation into effector cells.[33] As
shown in Figure 5d,e, the proportion of TCM cells significantly
increased in the BG-Mngel + 𝛼-PD-1 + L group. The tumor tissue
of mice after various treatments was further assessed through
histological examination and immunofluorescence staining.[34]

Hematoxylin and eosin (H&E) staining revealed significant dam-
age in tumor section of mice treated with BG-Mngel + 𝛼-PD-1
+ L (Figure 5f). Furthermore, terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) staining of tumor sec-
tions showed that the highest apoptosis amount of dead cells in
BG-Mngel + 𝛼-PD-1 + L group (Figure 5g). These results indicate
that the combination of ICB and BG-Mngel can induce robust T
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Figure 4. In vivo immune activation of BG-Mngel. a) Schematic illustration showing the evaluation of the immune response after various treatments
on B16F10 tumor-bearing C57BL/6 mice. b) Flow cytometric analysis and c) the corresponding quantitative analysis of mDCs in TDLNs of mice with
different treatments. d) Flow cytometric analysis of CD4+ and CD8+ cells gating on CD3+ cells in the tumor tissues and e) the corresponding percentages
of populations of CD3+ and CD8+ T cells in mice with various treatments. f) Flow cytometric analysis of CD206 and CD80 cells in the tumor tissues and
g) the corresponding percentages of populations of M2/M1 cells in each group. h) Flow cytometric analysis and i) the corresponding quantification of
MDSCs infiltrated in tumor tissues. Data represent mean ± standard deviation (SD) from n independent experiments (n = 5). Statistical significances
between every two groups were calculated via one-way ANOVA. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. Combination therapy of 𝛼-PD-L1 and BG-Mngel treatment activate long-term immune effects. a) Schematic illustration showing the evaluation
of the long-term immune response after combination therapy in B16F10 tumor-bearing C57BL/6 mice. b) Tumor growth inhibition curves after various
treatments in mice. c) Survival rate of mice with various treatments. d) Flow cytometric analysis of CD62L and CD44 cells in the spleen of mice with
various treatments and e) the corresponding percentages of population of memory CD8+ T cells in each group. f) H&E staining of residual tumors after
the various treatments. g) TUNEL staining of representative tumor tissues after various treatments. Data represent mean ± standard deviation (SD)
from n independent experiments (n = 5). Statistical significances between every two groups were calculated via one-way ANOVA. **p < 0.01, ***p <

0.001, ****p < 0.0001.
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Figure 6. BG-Mngel with mild hyperthermia effect promotes wound healing in vivo. a) Schematic showing the experimental procedure for the wound
healing evaluation. b) The representative photographs of the wound healing process in C57BL/6 mice with different treatments. c) The corresponding
quantitative analysis of wound contraction rate. d) Traces of wound-bed closure at different time points after various treatments. e) H&E staining images
of wound regeneration of different treatment groups. (Red circles mark blood vessel; yellow triangles mark granulation; green asterisks mark hair follicles;
dotted lines mark epidermis-dermis boundary). f) Immunofluorescence staining of CD31/a-SMA in wounds on day 12. g) Immunohistochemical staining
of IL-6 in tissue sections of wounds from different treatment groups. Data represent mean ± standard deviation (SD) from n independent experiments
(n = 5). Statistical significances between every two groups were calculated via one-way ANOVA. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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cell memory effects, hence activating long-term anti-tumor im-
mune responses.

2.8. In Vivo Wound Healing Evaluation

After surgical treatment of melanoma, full-thickness skin defects
and open wounds are often present.[35] Thus, Therefore, it is im-
perative to promote wound closure and healing following tumor
therapy. Accordingly, we further evaluated the skin regeneration
by constructing a full-thickness skin defect model in C57BL/6
mice (Figure 6a).

To monitor the progression of wound healing, we quantita-
tively assessed the healing process in wound dimensions over a
12-day period. Optical photographs (Figure 6b) and simulated im-
ages of wound size and morphology at 4 time points (Figure 6c)
demonstrated that the wound healing in the BG-Mngel + L group
was significantly faster than in the other groups. Although there
was no obvious difference at day 2, with an increase in the
number of mild heating treatments, the wound contraction rate
in the BG-Mngel + L group significantly increased from day 6
(Figure 6d). Remarkably, BG-Mngel + L group exhibited the high-
est wound closure rates (99.64%), indicating the promising effect
of BG-Mngel combined with mild hyperthermia in wound healing
rate. This may be attributed to the accelerated angiogenesis and
recruitment and migration of fibroblasts facilitated by the release
of bioactive ions from BG.[36]

To further validate this, we conducted a histological examina-
tion of the full-thickness wound recovery employing H&E stain-
ing (Figure 6e). The BG-Mngel + L group displayed more granu-
lation tissue at day 6, and thicker granulation tissue in this group
also exhibited a pronounced wound healing effect at day 12. Sur-
prisingly, we observed more skin appendages, such as hair folli-
cles, in the BG-Mngel + L group, which were 1.16 and 1.25 times
higher than those in the BGgel and BGgel + L control groups, re-
spectively (Figure S17, Supporting Information). Furthermore,
at day 14, the semi-quantitative epidermal thickness in the BG-
Mngel + L group was 1.45 times higher than that in the BGgel

group (Figure S18, Supporting Information), further indicating
the superior wound repair effect of BG-Mngel + L group.

In addition, angiogenesis plays a pivotal role in wound healing
by facilitating the supply of nutrients and oxygen to cells through-
out the tissue repair process.[37] To visually observe neovascular-
ization in the tissues of each group, we performed immunofluo-
rescent staining using CD31 and 𝛼-SMA. As shown in Figure 6f,
the expression levels of CD31 and 𝛼-SMA in the BG-Mngel + L
treated tissues were elevated compared to the control group, indi-
cating a significant enhancement in both blood vessel formation
and maturation. The semi-quantitative analysis of vascular den-
sity further corroborates these results, revealing a marked aug-
mentation in the vascular network integral to efficacious tissue
repair and regeneration (Figure S19, Supporting Information).

In the wound repair process, the transition from a pro-
inflammatory to a reparative microenvironment must be tightly
regulated. Interleukin (IL)−6 plays a pivotal role in cutaneous
wound healing.[38] Hence, we conducted immunohistochemical
analysis to examine the expression of IL-6 during the wound re-
pair process. As illustrated in Figure 6g and Figure S20 (Support-
ing Information), there was a significant downregulation of IL-6

expression in the BG-Mngel + L group, indicating that the com-
posite hydrogel promotes the transition from an inflammatory to
a reparative microenvironment, facilitating wound repair.

3. Conclusion

The current treatment landscape for malignant melanoma re-
quires a therapeutic platform that can achieve rapid eradication
of in situ tumor tissue, treat residual tumor sites, prevent re-
currence, and address the wound repair challenges after sur-
gical tumor resection. Injectable hydrogels, with their unique
non-invasiveness, tunability, and multifunctionality, have been
widely employed in cancer therapy to achieve long-term reten-
tion and sustained release of drugs. In this study, we success-
fully developed a bioactive injectable hydrogel composed of Mn-
doped bioactive glass (BG) and sodium alginate as a versatile
platform for in situ treatment of malignant melanoma, aiming
to induce enhanced anti-tumor immune response and promote
wound healing. The BG-Mngel exhibited excellent photothermal
responsiveness and photothermal stability, enabling convenient
mild hyperthermia treatments at the tumor site. We validated
the combined treatment mode of BG-Mngel + L and 𝛼-PD-1 in
a B16F10 subcutaneous tumor model, which significantly en-
hanced the anti-tumor efficacy in vivo and accompanied by an
enhanced anti-tumor immune memory response. Additionally,
the angiogenic and tissue repair-enhancing capabilities of BG-
Mngel, along with the release of various active ions such as SiO4

4−,
Ca2+, and Mn2+ under mild hyperthermia conditions, facilitated
the rapid healing of postoperative wounds. Overall, this in situ
bioactive hydrogel holds great promise for the treatment of ma-
lignant melanoma.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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