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Carbon Dot-Linked Hydrogel for TAMs Transform:
Spatiotemporal Manipulation to Reshape Tumor
Microenvironment

Lingyun Li, Jun Wu, Xue Wu, Zhenjian Li, Xianming Zhang, Zekun Yan, Yingqi Liang,
Caishi Huang, and Songnan Qu*

As one of the most crucial immune cells in the tumor microenvironment
(TME), regulating tumor-associated macrophages (TAMs) is vital for
enhancing antitumor immunity. Here, an injectable carbon dots (CDs)-linked
egg white hydrogel was developed, termed TAMs Transform Factory (TTF-L-C),
to spatiotemporally manipulate TAMs. The fabricated CDs significantly
promoted macrophage migration. Notably, TTF-L-C achieved macrophage
spatial enrichment through CDs-induced directional recruitment with
molecular Ctnnd1 upregulation. Subsequently, the recruited macrophages
were locoregionally reprogrammed within TTF-L-C, as well as blocking the
upregulated PD-L1. Finally, through multi-stage regulation at spatial, cellular,
and molecular levels, TTF-L-C released immune-activated M1 macrophages to
the tumor site as it degraded. Moreover, TTF-L-C promoted dendritic cell
(DCs) maturation and further boosted T cell activation, thereby reshaping the
tumor-suppressive TME. Through peritumoral injection, TTF-L-C enhanced
tumor immunotherapy in both subcutaneous and recurrent 4T1 tumor
models with satisfactory biosafety. Therefore, TTF-L-C is proposed to become
a safe and powerful platform for various biomedical applications.

1. Introduction

Accumulating evidence has suggested that immune suppression
in the tumor microenvironment (TME) represents a major bar-
rier to maximizing the clinical potential of immunotherapies.[1]

Tumor-associated macrophages (TAMs) are one of the most im-
portant immune populations in TME, primarily manifested as
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a protumoral M2-like phenotype, which can
promote tumor angiogenesis, progression,
and metastasis.[2] Accordingly, increasing
the tumoricidal M1-like macrophages is
the key to regulating TAMs and fur-
ther reshaping TME.[3] TAMs reprogram
strategies, especially delivering immuno-
genic stimulants like lipopolysaccharide
(LPS) to polarize macrophages into the
M1 phenotype have been developed for
decades.[4] During the reprogramming pro-
cess, ensuring sufficient concentration of
immunogenic stimulants localized to the
tumor site is of critical significance.[5]

Because the overtreated drugs would af-
fect macrophages throughout the whole
body, which may cause severe side effects
like immune dysregulation and even life-
threatening.[6] Indeed, there have already
been reported many elegant delivery sys-
tems to alleviate immunogenic stimulant
overuse through controlling drug release.[7]

These paradigms are correct while still lim-
ited with off-target effects and systemic

drug leakage, which may lead to inefficient immune-activated
macrophage accumulation against tumors and even tumor re-
currence. Thus, beyond controllable drug release, focusing on
macrophage localization, spatially enriching macrophages to
achieve locoregionally transformation can improve the biosafety
and efficiency of TAMs reprogramming and further immunosup-
pression reverse. So it is necessary to develop a mildly sequential
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platform to realize macrophage recruitment followed by locore-
gional reprogramming to supplement antitumor macrophages.
Besides, TAMs reprogramming might increase the expression of
the immune checkpoint proteins like programmed death-ligand
1 (PD-L1), which could inhibit the antigen presentation efficacy
ofmacrophages, as well as suppress the activity of T cells.[8] Thus,
to comprehensively transform TAMs, a spatiotemporal control-
lable platform with satisfactory biocompatibility is required to
achieve: i) mildly recruit macrophages without intense immune
response, ii) locoregionally reprogram macrophages to reduce
the systemic leakage of LPS as well as PD-L1 blockade and iii)
safely degrade to release the transformed M1 macrophages into
tumors for reversing tumor-induced immunosuppression.
Carbon dots (CDs) are emerging carbon-based nanoparticles

with ultrasmall size (<10 nm), good fluorescence properties,
nontoxicity, low cost, and abundant surface groups for further
functionalization, which have been used for antitumor therapy.[9]

Actually, CDs synthesized from various raw materials with dif-
ferent surface groups may interact with proteins to regulate
their expression and obtain more biological functions, such as
macrophage recruitment.[10] Through rational engineering, CDs-
constructed nanoplatforms like hydrogels can further promote
the development of tumor immunotherapy strategies. Hydrogels
especially derived from natural materials, have been widely used
to regulate antitumor immunity.[11] These biocompatible hydro-
gels are usually biologically inert and mainly serve as drug deliv-
ery carriers to directly release drugs at the tumor site through per-
itumoral injection or implantation, thus tandemmultiple biolog-
ical processes.[12] Notably, egg white-based hydrogels have been
demonstrated as effective and biologically active extracellularma-
trix (ECM) mimics to culture and guide cell behaviors, such as
3D scaffolds for cell proliferation.[13] Considering the contained
various biologically active compounds in the natural chicken egg
white, such as polysaccharides which can recruit macrophages,
the chicken egg white-derived hydrogels are promising candi-
dates as biosafe platforms to regulate TAMs.[14] However, nat-
ural chicken egg whites are prone to sensitization and require
thermal treatment for in vivo application. In addition, the nat-
ural chicken egg white-derived hydrogels are usually prepared
with relatively high protein concentration through the thermal
induced-gelation process, which can cause high cross-linking of
protein chains, resulting in an inability to inject and ineffec-
tive release of the contained natural bioactive components.[15]

Indeed, several CDs-involved natural polymer hydrogel systems
have been reported.[16] These hydrogels are usually formed by
cross-linking CDs with natural products, such as cellulose and
chitosanwith good biocompatibility and low cytotoxicity.[17] Thus,
it is feasible to employ CDs as the potential nanolinker to fab-
ricate chicken egg white-derived hydrogels in dilute aqueous
solution as an effective nanoplatform for TAMs-related tumor
immunoregulation.
Herein, we constructed an injectable CDs-linked egg white hy-

drogel via a thermally induced gelation process, in which the
CDs can significantly promotemacrophagemigration. This CDs-
linked egg white hydrogel could be used to locoregionally ma-
nipulate TAMs, and we vividly named it a TAMs transform fac-
tory (TTF). When encapsulated with LPS and PD-L1 blockade
CA170, this composite hydrogel (TTF-L-C) can realize cascade
spatiotemporal TAMs transformation to reshape TME for boost-

ing tumor immunotherapy (Scheme 1a). Specifically, at the spa-
tial level, TTF released CDs to induce macrophage directional
migration by upregulating the macrophage migration-associated
geneCtnnd1 alongwith activating theWnt/Ctnnd1/Myc pathway
to enrich macrophages (Scheme 1b). Subsequently, the recruited
macrophages were locoregionally engineered by LPS and CA170.
At the cellular level, LPS reprogrammed macrophages into M1
phenotype, meanwhile at the molecular level, CA170 blocked
PD-L1 expressed on the macrophage surface (Scheme 1c).
As TTF-L-C degraded, the transformed M1-like macrophages
were infiltrated into the tumor and boosted T cell activation
(Scheme 1d). In addition to increasing the number of tumorici-
dal macrophages, TTF-L-C also improved dendritic cells (DCs)
mature (Scheme 1e). With the activation of multiple immune
cells, TTF-L-C achieved TME reshape. Further in the 4T1 tumor-
bearing mice model, the peritumoral injection of TTF-L-C stim-
ulated enhanced antitumor immunity in vivo which inhibited tu-
mor growth and recurrence (Scheme 1f).

2. Results

2.1. Preparation and Characterization of CDs

According to our previous work, the CDs were prepared from
citric acid and urea in dimethyl sulfoxide by a solvothermal
method[18] (Figure 1a). As shown in the transmission electron
microscope (TEM) image, the diameters of the CDs were ≈5 nm
with clear 0.21 nm lattice fringes, which correspond to the (100)
plane of graphite (Figure 1b). Next, the optical properties of
CDs were also investigated. As shown in the UV–vis absorp-
tion spectrum in Figure 1c, the main absorption bands of CDs
were ≈550 and 650 nm. Under green light excitation, the CDs
exhibited red fluorescence, which can be used to track their cel-
lular uptake and localization. To verify the biological regulation
toward macrophages, the cellular uptake of the CDs by differ-
ent cells was first detected. Mouse mononuclear phage leukemia
cell line RAW 264.7 was chosen as the macrophage model, and
mouse breast cancer cell line 4T1 was chosen as the tumor cell
model. As the confocal laser scanning microscope (CLSM) im-
ages shown in Figure 1d, Figure S1 (Supporting Information),
the CDs were barely taken up by 4T1 cells, which mainly ac-
cumulated on the cell membrane. The CDs were significantly
uptaken by RAW 264.7 cells and mouse bone marrow-derived
macrophages (BMDMs), as evidenced by the obvious red fluores-
cence in the cytoplasm. The different distribution of CDs may be
due to the stronger phagocytosis of macrophages.[19] The adsorp-
tion results after CDs treatment also indicated that macrophages
showed much higher cellular uptake of the CDs (Figure S2, Sup-
porting Information). Then the scratch model was employed to
verify the cell migration regulation ability induced by the CDs.
The result showed that CDs significantly promoted macrophage
migration, however, the migration of 4T1 cells was moderate
(Figure 1e, Figure S3, Supporting Information). Furthermore,
the transwell model also verified that after 24 h treatment, RAW
264.7 cells migrated significantly compared to the control group
(Figure S4, Supporting Information). Besides, the CDs can also
promote the proliferation of RAW 264.7 cells with 40% cell num-
ber increase at a low concentration of 50 ppm, while causing a
20% cell number decrease in 4T1 cells (Figure 1f). Since it is
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Scheme 1. Schematic illustration of the TTF-L-C spatiotemporally transformed TAMs to reshape TME for tumor immunotherapy. a) Possible structure
of the injectable TTF-L-C. b) TTF-L-C specifically recruited macrophages at the spatial level. c) TTF-L-C locoregionally reprogrammed macrophages at
the cellular level as well as blocking PD-L1 at the molecular level. d) TTF-L-C degraded to release the transformed macrophages into the tumor site.
e) TTF-L-C matured DCs and activated T cells to reshape TME. (f) TTF-L-C inhibited tumor growth and recurrence.

difficult to fix the CDs solution on one side, we designed a culture
dish tilting assay to study CDs-induced macrophage directional
migration. As shown in Figure S5 (Supporting Information), the
bottom of the culture dish was tilted to simulate the CDs solution
fixing one side. After 24 h treatment, the cell viability was first
measured by CCK-8, and the results showed that CDs promoted
macrophage proliferation. Then, the distribution ofmacrophages
was observed under the microscope. The liquid boundary caused
by tiltingwas clearly visible. However, even though the overall cell
numbers after CDs incubation were increased, the boundary cell
numbers significantly decreased, with the cell numbers on the
CDs liquid side increasing, which can be evidence of boundary
cells directly migrating to the CDs solution side. All these results
demonstrated that the CDs can specifically induce macrophage
migration and proliferation in vitro.

2.2. Preparation and Characterization of TTF

Employing the CDs as nano-crosslinkers to prepare thermally in-
duced natural egg white hydrogels can not only improve bioavail-

ability and biosafety but also sequentially control the complex
TAMs regulation. In our previous work, we successfully prepared
a CDs-linked egg white hydrogel which was used for wound
healing.[20] As shown in Figure 2a, the preparation process of
CDs-linked chicken egg white hydrogel (TTF) was facile to fab-
ricate. TTF was fabricated by mixing CDs in chicken egg white
diluted aqueous solution followed by heating in boiling water
for 10 min. In contrast, under the same reaction conditions, the
pure dilute chicken egg white aqueous solution remained in a
liquid state and failed to form a hydrogel, highlighting the cru-
cial crosslinking role of CDs in TTF formation (Figure S6, Sup-
porting Information). The obtained hydrogel was light yellow and
transparent, which exhibited red fluorescence due to the com-
posed CDs (Figure 2b,c). As shown in Figure S7 (Supporting In-
formation), the absorption bands of TTF were accompanied by
an extended tail into the near-infrared region. This phenomenon
could be attributed to the formation of supramolecular struc-
tures within the hydrogel, leading to enhanced light scattering.
In addition, reducing CDs will make the egg white solution re-
main in a viscous liquid state, which was unable to gel. There-
fore, it is speculated that TTF gelation may be the result of the
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Figure 1. Preparation and characterization of CDs. a) Synthesis process of CDs. b) TEM and HRTEM (inset) images of CDs. c) UV–vis absorption
spectrum and PL spectra under 561 nm excitation of CDs. d) CLSM images of 4T1 cells and RAW 264.7 cells treated with CDs. e) RAW 264.7 cells and
4T1 cells migration in the scratch model treated with CDs. f) RAW 264.7 and 4T1 cell viability after CDs treatment at 50 and 100 ppm. Data were all
presented as mean values ± SD (n = 3). Symbol legend: (*) p ≤ 0.05, (**) p ≤ 0.01, (***) p ≤ 0.001 via the one-way ANOVA.

interaction between CDs and peptides after protein hydrolysis
to form a supramolecular network. The rheological properties of
TTF prepared with different contents of CDs were tested (Figure
S8, Supporting Information). With the addition of CDs, the vis-
cosity was increased, indicating it was more suitable for uniform
cell dispersion and culturing. Besides, the storage modulus (G′)
was found to be significantly higher than the corresponding loss
modulus (G″) when measured through amplitude sweep exper-
iments at a constant frequency of 1 Hz, thereby confirming the
elastic properties of the hydrogels, indicating improved stability.
The TTF xerogel presented a porous interconnected structure,

suggesting that the confined and compact network was formed
by the covalent and supramolecular interactions between CDs
and the protein chains (Figure 2d). Next, the swelling rate and
porosity of TTF weremeasured, the high swelling rate and poros-
ity indicated good water absorption capabilities and drug loading
ability (Figure 2e). Then, to simulate the physiological environ-
ment of TTF in vivo, TTF was soaked in PBS to analyze its exu-
date. From 0 to 24 h, the absorption intensities of the TTF soak-
ing solution were gradually increased, which implicated that TTF
gradually decomposed and released the exudate (Figure 2f). The
TTF exudate was observed to be porous blocks of about 20–50 μm
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Figure 2. Preparation and characterization of TTF. a) Synthesis process of TTF. b) Bright field and fluorescence images of TTF under 589 nm excitation.
c) Excitation-emission map of TTF. d) SEM image of TTF xerogel. e) Swelling rate and porosity results of TTF. Data were presented as mean values ± SD
(n = 3). f) UV–vis absorption spectra of TTF releasing CDs at different times. g) SEM image of TTF exudate. h) CLSM image of TTF exudate. i) CLSM
image of RAW 264.7 cells uptaking CDs released from TTF.

under the scanning electron microscope (SEM) (Figure 2g). Sim-
ilar to TTF, the TTF exudate also exhibited red PL, indicating
the CDs composited egg-white microparticles were gradually re-
leased from the TTF (Figure 2h). After incubating the TTF exu-
date with RAW 264.7 cells, significant red fluorescence can be de-
tected from the macrophages under CLSM, indicating a similar
macrophage cellular uptake behavior with the CDs (Figure 2i).

2.3. Macrophages Recruitment by TTF

In order to increase the proportion of tumoricidal M1-like
macrophages at tumor sites, regulating the spatial distribution of
macrophages with locoregionally transformation is a promising
approach. Indeed, it has already been reported that some nano-
materials can spatially regulate TAMs, such as Gd@C82(OH)22
and oxidized multiwalled carbon nanotubes (o-MWCNTs).[21]

However, these nanomaterials can only prevent the TAMs ac-

cumulation but cannot induce macrophage directional migra-
tion. Thus, developing nanoplatforms to specifically recruit
macrophages toward TME with satisfactory biosecurity and
even for further engineering can be a new strategy for TAMs
regulation.
To validate the macrophage recruiting capacity of TTF, a tran-

swell migration assay was employed. As shown in Figure 3a,
RAW 264.7 cells were nested in the upper layer, and a patch of
TTF was placed in the lower layer to induce cell migration. After
48 h, the observation results revealed that TTF significantly in-
ducedmacrophage directionalmigration compared to the control
group (Figure 3b). Hence, more accurate quantitative analysis
also demonstrated that TTF induced nearly three times the num-
ber of migration macrophages than the PBS group (Figure 3c).
Consistently, CDs and TTFs could also induce BMDMs migra-
tion (Figure S9, Supporting Information). Then the proliferative
ability of the TTF exudate toward different cells was also ana-
lyzed. The human embryonic kidney cell line 293T was chosen
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Figure 3. TTF specifically recruited macrophages. a) Schematic illustration of transwell model to verify RAW 264.7 cells migration. b) Crystal violet
staining images of RAW 264.7 cells migration after TTF treatment. c) Quantitative analysis results of RAW 264.7 cells migration in transwell assay.
d) RAW 264.7, 4T1, and 293T cells viabilities after TTF treatment. e) Migration tracks of RAW 264.7 cells treated with TTF (the red fluorescent signals
were from the TTF and TTF extrudate). f) Representative RAW 264.7 cells migration direction. g) Proportions of RAW 264.7 cells in each X-direction
migration angle (n = 65). h) RAW 264.7 cells and i) 4T1 cells migration in the scratch model after PBS and TTF treatment. j) Quantitative analysis of
RAW 264.7 and 4T1 cell migrations in the corresponding scratch assays. CLSM images of k) RAW 264.7 cells and l) 4T1 cells after F actin staining (green
color and blue color represented F actin and nucleus, respectively). m) Quantitative analysis of F actin fluorescence intensity of RAW 264.7 and 4T1 cells
after TTF treatment. Data were all presented as mean values ± SD (n = 3). Symbol legend: (*) p ≤ 0.05, (**) p ≤ 0.01, (***) p ≤ 0.001 via the one-way
ANOVA.
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as the normal cell model. TTF exudate was collected by immers-
ing TTF (4 × 4 × 0.2 cm) in 5 mL PBS for 72 h. Different cells
were incubated with TTF exudate for 48 h, and the CCK-8 results
showed TTF had no cell-killing effect on 293T, with cell viability
over 90%, implicating satisfactory biological safety (Figure 3d).
More interestingly, TTF exudate did not promote 4T1 cell prolifer-
ation, but significantly promoted the proliferation of RAW 264.7
cells by ≈10% increment, suggesting that TTF may be beneficial
for TAMs to survive in tumor sites (Figure 3d). Tomore intuitively
analyze the tropism of TTF-induced macrophage migration, we
placed TTF on one side of the RAW264.7 cell culture dish and ob-
served the movement of the RAW 264.7 cells every 5 min for 4 h.
According to auto-depiction, themovement trajectories of all cells
were confirmed (Figure 3e). Most cells moved toward TTF, and
some have even migrated into TTF (Figure 3e,f). Moreover, sta-
tistical results showed that within 4 h, 68.25% of RAW 264.7 cells
had been recruited and tended tomigrate toward TTF (Figure 3g).
To further confirm that macrophages could be recruited and

proliferated by TTF, the scratch assay was performed. The re-
sult showed that TTF significantly promoted macrophage migra-
tion with a 4-fold increase (Figure 3h,j). However, the number of
migrating 4T1 and 293T cells was moderate, demonstrating that
TTF could specifically inducemacrophagemigration (Figure 3i,j,
Figure S10, Supporting Information). Moreover, at themolecular
level, CLSM images of the cytoskeletal F actin protein could be
another evidence. Comparedwith 4T1 and 293T cells, the fluores-
cence intensity of F actin in RAW 264.7 cells increased nearly two
times after TTF treatment, illustrating the increased F actin ex-
pression as well as the enhancedmotility thereby promoting their
migration ability (Figure 3k,m; Figure S11, Supporting Informa-
tion). In addition, macrophages internalizing CDs into the cy-
toplasm may also cause cytoskeletal rearrangements. TTF treat-
ment can remodel the ECM, further affecting actin expression.
In contrast, the fluorescence intensity of F-actin in 4T1 and 293T
cells scarcely increased (Figure 3l; Figure S12, Supporting Infor-
mation). All the above results demonstrated that TTF can specif-
ically recruit RAW 264.7 cells by increasing their migration and
proliferation.
Further, the macrophage migration and proliferation induced

by eggwhite hydrogels without CDswere tested (Figure S13, Sup-
porting Information). The CCK-8 results showed that egg white
can slightly promote cell proliferation, which may be attributed
to the presence of polysaccharides, proteins, and other compo-
nents in egg white, providing nutritional support for cell growth.
Similarly, in the scratch model, egg white could also slightly
promote macrophage migration, but the migrated cell number
was significantly lower than CDs-incubated cells. In conclusion,
these results suggest that egg white, as part of the TTF com-
position, can promote macrophage proliferation and migration
due to the nutrients it contains, but the efficiency was evidently
lower than CDs. CDs are themain contributors to TTF recruiting
macrophages.

2.4. The Mechanism of TTF Recruiting Macrophages

Generally, ECM is one of the most critical factors for TAMs
proliferation, migration, and differentiation. Within the TME,
the properties, stiffness, and matrix molecules of ECM can

greatly influence cell biological behavior.[22] For instance, Matrix
Metalloproteinase-9 (MMP-9) is one of the important factors in
ECM, which can affect the migration rate of macrophages.[23]

Therefore, the expression of MMP-9 gene in macrophages cul-
tured with TTF was analyzed. As shown in Figure S14 (Support-
ing Information), there was limited expression of MMP-9 gene
in untreated RAW 264.7 cells, but its expression in TTF-cultured
RAW264.7 cells was increased by 4-fold, which could reduce cell
adhesion and ECM viscosity to enhance macrophage migration.
The RNA-sequencing (RNA-seq)–based transcriptomic anal-

ysis was employed to specifically investigate TTF-cultured
macrophages. First, statistics data were collected on all altered
genes, and one of the most significantly altered genes, Ctnnd1,
attracted attention (Figure 4a). As an intermediate gene in the
Wnt/Myc pathway, Ctnnd1 can express catenin protein to affect
cell maturation and movement[24] (Figure 4b). It is worth noting
that the Wnt/Myc pathway has already been confirmed to be in-
volved in macrophage migration and recruitment.[24,25] Hence,
the gene set enrichment analysis (GSEA) enrichment analysis
was performed to analyze the enrichment of theWnt/Ctnnd/Myc
pathway genome. As displayed in Figure 4c, this pathway was sig-
nificantly enriched in the whole genome, with a normalized en-
richment score reaching 1.81 and p-value< 0.001, whichwas sug-
gested to be related to TTF recruitingmacrophages. Consistently,
the expression of genomes in theWnt/Ctnnd1/Myc pathway was
plotted as a heat map, and the results demonstrated that TTF
can significantly upregulate their expressions (Figure 4d). Then
the specific markers related to macrophage phenotyping were
examined to evaluate whether macrophage recruitment could
affect polarization. The results showed that the M2 phenotype
marker CD206 was rarely expressed whether before or after TTF
treatment, while the expression of the M1 phenotype marker
CD80 was even slightly increased (Figure 4d; Figure S15, Sup-
porting Information). Indeed, according to the previous reports,
the Wnt/Myc pathway activation might induce the tendency of
M2 polarization.However, we observed that in this TTF-mediated
macrophage recruiting system, the expression of inflammation-
related nuclear factor kappa-light-chain-enhancer of activated B
cells (NF𝜅B) pathway was also enriched, which may neutralize
the tendency of M2 polarization (Figure 4d,e).
Furthermore, the CDs regulation of Ctnnd1/Wnt/Myc path-

way was examined. First, the Ctnnd1 expression in macrophages
treated with CDs was analyzed. After 48 h treatment, the flow
cytometry results showed CDs significantly upregulated Ctnnd1
with no effect of CDs self-fluorescence, which can be the reason
for TTF recruiting macrophages (Figure 4f,g; Figure S16, Sup-
porting Information). In contrast, Ctnnd1was barely upregulated
in 4T1 cells and other immune cells (Figure S16, Supporting In-
formation). And as expected, the expression of Wnt and Myc was
also upregulated (Figure S17, Supporting Information). These re-
sults demonstrated that CDs inducedmacrophagemigration and
proliferation by regulating the Ctnnd1/Wnt/Myc pathway. Next,
Ctnnd1 gene was silenced for further verification. Transwell as-
say and cell viability of siCtnnd1 macrophages were examined.
As shown in Figure S18 (Supporting Information), when the
Ctnnd1 gene was silenced, the macrophages had reduced mobil-
ity and lost their response to CDs stimulation, exhibiting moder-
ate migration. Consistently, the CCK-8 results demonstrated that
CDs could not promote the proliferation of Ctnnd1-silenced cells
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Figure 4. The mechanism of TTF recruiting macrophages. a) Volcano plots of the comparison of TTF-treated and PBS-treated RAW 264.7 cell groups in
the RNA-seq results. b) Wnt/Ctnnd1/Myc pathway network. c) GSEA enrichment analysis of Wnt/Ctnnd1/Myc pathway. d) Wnt/Ctnnd1/Myc pathway
andmacrophage phenotype-related gene alteration heatmap. e) KEGG enrichment analysis. f) Flow cytometry data and g) quantitative analysis of Ctnnd1
expressed catenin delta 1 protein in RAW 264.7 treated with CDs. h) Molecular docking for the simulated CDs toward Ctnnd1 expressed catenin delta 1
protein. i) Hydrogen bonding interactions between the simulated CDs and Ser residues in catenin delta 1 protein.
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compared with the normal cells (Figure S19, Supporting Infor-
mation). All these results indicated that Ctnnd1 is the key to
CDs regulating macrophage migration and proliferation. Then,
dynamic molecular docking was employed to predict how CDs
induce Ctnnd1 upregulation. The predicted CDs structure was
composed of 10 benzene rings, with various groups on the
surface including amino, carboxyl, and hydroxyl. As shown in
Figure 4h,i, the simulated CDs had interactions with the hotspots
of Ctnnd1-expressed protein catenin delta 1. More detailed dock-
ing results showed that the simulated CDs interacted with the 3
Ser residues of catenin delta 1 through non-covalent bonds me-
diated by carboxyl and hydroxyl groups, which may prevent pro-
tein phosphorylation to reduce its degradation, and this could be
one of the reasons for Ctnnd1 upregulation. In summary, the
mechanism of the CDs crosslinked TTF-inducedmacrophage re-
cruitment was explained from two aspects. On the one hand,
TTF provided an appropriate ECM environment for TAMs di-
rectional movement. On the other hand, CDs can upregulate
Ctnnd1, thereby activating the Wnt/Myc pathway and inducing
macrophage migration.

2.5. Macrophages Reprogramming by TTF-L-C

Inspired by the successful recruitment by TTF, the recruited
macrophages were then reprogrammed locoregionally. To locore-
gionally increase the concentration of polarizing immunogenic
stimulants within the tumor site for better biosafety, several plat-
forms have been reported for delivery, such as “backpacks” and
“eMac”.[7] These paradigms were mainly focused on controllable
local drug release. Here focus on macrophages themselves, with
the specific recruitment, TTF-L-C can realize the macrophage
spatial enrichment, which would improve the reprogramming ef-
ficiency and further enhance the biosafety.
TTF was loaded with different drugs to prepare four differ-

ent hydrogels (Figure 5a). To verify the successful engineering,
macrophages were cultured directly on the surface of TTF-L-C to
simulate their specific recruitment. Simultaneously, the cell mor-
phology after culturing for 48 h was observed. Compared with
the control group, macrophages cultured on TTF-L or TTF-L-
C which loaded with LPS displayed similar morphology to M1
macrophages (Figure 5b). The observation result also verified
that macrophages could proliferate unaffectedly on the TTF-L-C
surface, emphasizing its biosafety. Moreover, the specific mark-
ers of M1 macrophages (CD80+ and CD86+) were detected. As
shown in Figure 5c, CD80 fluorescence intensity of macrophages
cultured with TTF-L and TTF-L-C was increased. Further flow
cytometry data more accurately confirmed the upregulation of
CD80 and CD86, indicating the successful polarization toward
the M1 phenotype (Figure 5d; Figure S20, Supporting Informa-
tion). Similarly, TTF-L-C can also upregulate the population of
CD80+ cells in BMDMs (Figure S21, Supporting Information).
Besides the TTF surface culturing, the polarization ability of the
TTF exudate was also examined. The results proved that TTF-
L-C exudate can also polarize macrophages (Figure S22, Sup-
porting Information). Compared with the positive control L+C
group, the polarization efficiency was ≈50%, while the efficiency
of macrophages directly cultured on TTF reached 80%. This im-
proved efficiency explicated the necessity of macrophage recruit-

ment, which avoided the polarization capacity loss caused by drug
release and verified the superiority of locoregionally reprogram-
ming throughmacrophage recruitment. In addition, the retained
polarization capacity of the TTF-L-C exudate suggested that the
released LPS could polarize the unrecruited macrophages. All
the above results exhibited that macrophages were successfully
reprogrammed.

2.6. Macrophages PD-L1 Blocked by TTF-L-C

Macrophages M1 polarization can upregulate PD-L1, and the
excessive PD-L1 expression would reduce antigen presentation
efficiency.[8a,26] Thus, after macrophages were cultured on TTF-
L-C for 48 h, the PD-L1 expression was first tested. As shown in
Figure S23 (Supporting Information), compared with the control
group, TTF-L upregulated PD-L1, however, TTF-L-C downregu-
lated the excess PD-L1, demonstrating the necessity of loading
the PD-L1 blockade CA170. Then, antigen presentation marker
major histocompatibility complex class II (MHC II) was mea-
sured. The result showed that MHC II expression increased in
macrophages after being polarized into theM1 phenotype, which
was more conducive to antigen presentation as well as immune
activation. Interestingly, compared with TTF-L, TTF-L-C simul-
taneously released CA170 further improved MHC II abundance,
basically consistent with the positive L+C group, which could be
attributed to the PD-L1 blockade[8a] (Figure 5e). Hence, the im-
mune factor secreted by macrophages was also analyzed. Tumor
necrosis factor-alpha (TNF-𝛼) is a pleiotropic cytokine produced
predominantly by M1-like macrophages and could cause apopto-
sis. As presented in Figure 5f, the secretion of TNF-𝛼 was higher
than PBS group after macrophages were reprogrammed to M1
phenotype, and further increased after PD-L1 blockade, implicat-
ing enhanced antitumor suppression. Macrophages and T cells
co-culture system was then employed to test the antitumor effect
of TTF-L-C in vitro. As shown in Figure S24 (Supporting Infor-
mation), after TTF-L-C stimulated macrophages and T cells, the
supernatant was transferred to treat tumor cells. The cell viability
of both 4T1 and melanoma cell line B16 cells decreased, proving
that TTF-L-C can activate immune cells and enhance the anti-
tumor effect. So far, macrophage engineering including repro-
gramming and PD-L1 blockade has been completed by TTF-L-C.
And finally, through sequential regulation includingmacrophage
recruitment, M1 polarization, and PD-L1 blockade, the trans-
formed macrophages were verified to be activated in vitro,
whichwere expected to achieve enhanced tumor immunotherapy
effects in vivo.

2.7. TTF-L-C Induced DCs Maturation

Besidesmacrophages, dendritic cells (DCs) also play a crucial role
in both innate and adaptive immune systems.[27] Compared to
immature DCs (iDC), mature DCs (mDC) can stimulate T lym-
phocytes to produce specific antitumor immune responses.[28]

During this period, the expression of the co-stimulatorymolecule
CD86 will be upregulated, suggesting that DCs have been de-
veloped into mDCs.[27b] LPS is a TLR4 agonist that is com-
monly used for DCsmaturation. Thus, the TTF-L-C-inducedDCs
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Figure 5. Recruited macrophages engineered by TTF-L-C. a) Schematic illustration of 4 different hydrogels. b) Brightfield images of RAW 264.7 cell
morphology after culturing in different conditions (L+C represented LPS / CA170 mixture). c) CLSM images of RAW 264.7 cells with CD80 staining after
culturing in different conditions (red color and blue color represented CD80 and nucleus, respectively). Flow cytometry results of d) CD80 and e) MHC
II in RAW 264.7 cells after culturing in different conditions. f) TNF-𝛼 secreted level in RAW 264.7 cells after culturing in different conditions. g) Flow
cytometry results of CD86/CD11c in BMDCs and h) quantitative analysis of CD86+ DCs in CD11c+ DCs treated with different conditions. Data were all
presented as mean values ± SD (n = 3). Symbol legend: (*) p ≤ 0.05, (**) p ≤ 0.01, (***) p ≤ 0.001 via the one-way ANOVA.

Adv. Mater. 2025, 37, 2420068 2420068 (10 of 16) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

maturation was studied in vitro using the bone marrow-derived
dendritic cells (BMDCs) isolated from the Balb/c mice. The
TTF-L-C exudate was incubated with BMDCs, and the BMDCs
maturation was detected by flow cytometry. The mDCs (CD86+

cells) population in CD11c+ BMDCs after TTF-L and TTF-L-C
treatment was significantly higher than the control group, even
TTF-L-C group is slightly higher than the positive control L+C
group (Figure 5g,h). These results demonstrated that TTF-L-
C can also enhance BMDCs maturation and reshape the TME
comprehensively.

2.8. Tumor Growth Inhibition by TTF-L-C In Vivo

As shown in Figure 6a, TTF-L-C was injectable through a syringe
extrusion. Based on the red fluorescent signals, TTF-L-Cwas sub-
cutaneously injected into a mouse to detect its biodegradability.
The result showed that TTF-L-C had excellent biocompatibility
and could be completely degraded within 14 days without caus-
ing a strong inflammatory reaction, indicating that TTF-L-C was
sufficiently biosafe for further TAMs transformation and TME
reshaping (Figure 6a).
Since TTF-L-C was proven to activate macrophages in vitro,

we subsequently evaluated its tumor immune therapeutic effect
in vivo. First, Balb/c mice bearing 4T1 tumors were randomly
divided into six groups for 25-day treatments (Figure 6b). Hy-
drogels were peritumorally injected when the tumor grew to
50 mm3. The tumor volume of each mouse was recorded the
other day (Figure S25, Supporting Information). Compared with
the PBS group, single loading of CA170 or LPS in TTF-C and
TTF-L treated groups showed moderate tumor growth inhibi-
tion efficacy, but dual loading in TTF-L-C treated group evidently
improved the treatment effect. After 25-day treatment, TTF-L-C
treated group showed the highest tumor growth inhibition effect
among all groups (Figure 6c; Figures S26 and 27, Supporting In-
formation), with no obvious influence on the body weight (Figure
S28, Supporting Information). Further, staining analysis was per-
formed on themouse tumor tissues after treatment. As displayed
in Figure S29 (Supporting Information), H&E and TUNEL re-
sults indicated increased tumor cell necrosis and damage af-
ter TTF-L-C treatment. Consistently, TTF-L-C treatment upreg-
ulated C-Cas3, which can promote tumor cell death, and down-
regulated Ki67, which can promote cell proliferation. Hence, im-
munohistochemistry (IHC) results verified the completed engi-
neering of macrophages through TTF-L-C reprogramming and
immune checkpoint blockade(ICB) (Figure S30, Supporting In-
formation). Compared with the PBS group, the TTF-L-C treated
group showed increased expression intensity of F4/80, which
confirmed that TTF-L-C could successfully recruit macrophages
in vivo. Besides, the proportion of M1-like macrophages (CD86+)
in tumor tissues treated with TTF-L and TTF-L-C was increased,
indicating that macrophage reprogramming was successful. In
addition, the increased proportion of CD4+ (a marker of auxil-
iary T cells) and CD8+ (a marker of cytotoxic T cells) T cells ben-
efited from PD-L1 blockade, which further enhanced immune
activation. In addition, the in vivo therapeutic effects of L+C in-
tratumoral injection compared with TTF-L-C were also tested.
As shown in Figure S31 (Supporting Information), L+C was in-
jected intratumorally and TTF-L-C was injected peritumorally

once, then the tumor growth was observed for 14 days. After 14-
day treatment, TTF-L-C also showed the best therapeutic effect
among all groups, with the tumor volume and weight being al-
most half of L+C, indicating TTF as the drug carrier to sustained
release drugs can enhance tumor inhibition in vivo (Figure S31,
Supporting Information). The blood parameters were also tested
after treatment. All the biochemical parameters were not signifi-
cantly different from the normal mice within the normal range,
illustrating that TTF andTTF-L-C had good in vivo biocompatibil-
ity (Figure S32, Supporting Information). Besides, in vivo, PD-L1
inhibition was analyzed. For in vivo test, we detected PD-L1 inhi-
bition in M1 macrophages of isolated tumor tissues (Figure S33,
Supporting Information). First, M1 macrophages in tumor tis-
sues were identified using F4/80 and CD80. Then, PD-L1 on M1
macrophages were analyzed. Consistent with the in vitro results,
TTF-L resulted in PD-L1 upregulation, emphasizing the neces-
sity of PD-L1 blockade using CA170. And TTF-L-C downregu-
lated redundant PD-L1. It is worth noting that TTF-L-C inhibited
PD-L1 better than L+C, which also emphasized the significance
of TTF.

2.9. Tumor Recurrence Inhibition by TTF-L-C In Vivo

Although surgical resection is currently the first choice of clini-
cal treatment for most solid tumors, postoperative tumor recur-
rence and metastasis are the main causes of mortality.[29] There-
fore, filling the surgical site with fillers such as hydrogels that can
sustainably inhibit tumor proliferation has become an effective
tumor treatment method.[30] Particularly, breast cancer patients
have a great demand for postoperative filling biomaterials.[31]

Based on the favorable biocompatibility and immune activation
ability of TTF-L-C, we hypothesized that it could serve as the post-
operative filling biomaterial. BALB/c mice preloaded with 4T1
breast cancer cells and followed by resection were employed as
the animal model. After 14 days of the tumor establishment, we
removed ≈90% of an orthotopic 4T1 breast cancer and filled it
with hydrogels simultaneously. The BALB/c mice were treated
with PBS, LPS / CA170 mixture intravenous injection (L+C i.v.),
TTF, TTF-L, TTF-C and TTF-L-C. The time course of the thera-
peutic efficiency study is depicted in Figure 6d. Tumor relapses
appeared rapidly in the PBS-treated mice and L+C i.v.-treated
mice, as shown in Figure 6e and Figure S34 (Supporting In-
formation). The TTF-treated mice exhibited slight tumor inhibi-
tion, which may be due to recruiting macrophages to the tumor
site. After loading the single drug (TTF-L or TTF-C), the post-
operative tumor inhibition was further enhanced, while TTF-L-C
demonstrated a synergistic effect. After 19-day treatment, TTF-L-
C had the most significant effect on inhibiting tumor recurrence
(Figure 6e; Figure S35, Supporting Information). More precisely,
the mass of the ex vivo tumor tissues was measured. The results
displayed in Figure S36 (Supporting Information) demonstrated
that the tumor mass treated with TTF-L-C was 20% of that in the
PBS group and 30% of that in the L+C i.v. The treated group, con-
firming its excellent tumor recurrence-preventing capacity after
surgery. Besides, no obvious influence showed on body weight,
indicating superior biosecurity (Figure S37, Supporting Informa-
tion). Overall, TTF-L-C can effectively inhibit tumor recurrence in
vivo. It is worth noting that these therapeutic effects only depend
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Figure 6. TTF-L-C inhibited tumor growth and recurrence in vivo. a) Images of TTF-L-C subcutaneously injected mice and in vivo fluorescence images
at various time points after injection. b) Schematic illustration of TTF-L-C therapy in the tumor growth subcutaneous mouse model. c) Tumor growth
curves of T1–T6 groups, representative isolated tumor images, and tumor-bearing mice images on day 25. Data were presented as mean values ± SD
(n = 5). d) Schematic illustration of TTF-L-C therapy in the tumor recurrence mouse model. e) Tumor growth curves of R1–R6 groups, representative
isolated tumor images and tumor-bearing mice images on day 19. Data were presented as mean values ± SD (n = 5). f) C-Cas3, Ki67, and H&E staining,
as well as TUNEL results of tumor tissue slices from R1-R6 groups. g) IHC staining of F4/80, CD86, CD8 and CD4 of tumor tissue slices from R1-R6
groups. h) Quantitative analysis results of F4/80, CD86, CD8 and CD4 staining of tumor tissue slices from R1-R6 groups. Data were presented as mean
values ± SD (n = 3). Symbol legend: (*) p ≤ 0.05, (**) p ≤ 0.01, and (***) p ≤ 0.001 via the one-way ANOVA.
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on the immunomodulatory effect activated by TTF-L-C with no
chemotherapy drugs involved.
Immune responses were activated by TTF-L-C to boost an-

titumor therapy. And tumor tissue section staining as well as
IHC analysis for the recurrence model also noted the superior-
ity of TTF-L-C. First, the expression of C-Cas3 was the highest
in the TTF-L-C treated group, indicating increased tumor cell
apoptosis. Consistently, the downregulation of Ki67 illustrated
that the proliferation ability of tumor cells was significantly re-
duced compared with the PBS-treated mice. Ultimately, this led
to increased cell apoptosis in TUNEL staining and severe dam-
age in H&E staining (Figure 6f), while normal organs (heart,
liver, spleen, lung, and kidney) did not show obvious necro-
sis (Figure S38, Supporting Information). Furthermore, IHC re-
sults proved that TTF-L-C killed tumor cells through immune
activation (Figure 6g). To verify the ability of TTF to recruit
macrophages in vivo, the specific marker F4/80 of macrophages
was stained and analyzed. The result showed that compared with
mice without TTF implantation, the expression of F4/80 in the
TTF-treated mice was expressively increased, implicating that
TTF can recruit macrophages in vivo. In addition, after TTF was
loaded with LPS, the expression of M1-like macrophage marker
CD86+ also increasedmeaningfully, elucidating thatmacrophage
reprogramming was achieved in vivo. Moreover, PD-L1 blockade
CA170 release upregulated CD4 and CD8, and further activated T
cell immunity. Quantitative fractionation also gave consistent ev-
idence (Figure 6h). All these results explicated that TTF-L-C can
realize its expected TAMs transform function in vivo, and finally
achieve enhanced immune activation to suppress tumors.
Next, RNA-seq-based transcriptomics was also employed to

verify the tumor recurrence inhibition effects of TTF-L-C at the
biological molecular level. In both analyses, L+C i.v., TTF, and
TTF-L-C treated tumors were compared with the PBS-treated
group as well as TTF-C and TTF-L treated tumors were com-
pared with TTF-L-C group. The heatmap of differential expres-
sion genes of these groups was created and the significantly
changed gene expressions were counted (Figure 7a–c). Then, to
give the functional classification for the altered genes, Gene On-
tology (GO) analysis and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses were performed. According to GO
biological processes, the main terms of altered genes in Bio-
logical Process (BP), and Molecular Function (MF) have been
shown in Figure 7d. Obviously, immune-related pathways, es-
pecially genomes related to macrophage antigen presentation,
were highly enriched. Coincidentally, KEGG enrichment analy-
sis gave similar results, TTF-L-C can regulate ECM and further
activate tumor immunity through TAMs transform (Figure 7e).
Hence we observed key genes related to antitumor TAMs pro-
tein expression. As shown in Figure 7f, genes that were sig-
nificantly enriched in GO and KEGG analyses were collected
and almost all these genes were related to TAMs-related tumor
immunity, which further verified TAMs transform. Compared
with L+C i.v.-treated group, TTF-L-C up-regulated the specific
marker of macrophages, indicating the increased population of
macrophages in the tumor site, (Figure 7g). Besides, compared to
single drug loaded TTF-C and TTF-L, the TTF-L-C exhibited en-
hanced TAMs immune activation capacity, displayed in improved
gene expression of M1 macrophage marker gene and T cell ac-
tivation marker gene, which implicated TTF-L-C synergistic im-

mune regulation effect (Figure 7g). Finally, the activated immune
regulation significantly inhibited tumor growth, leading to the
downregulation of tumor proliferation-related genes and the up-
regulation of tumor-killing-related cytokines (Figure 7h). Above
all, TTF-L-C showed satisfied TAMs-related tumor immune acti-
vation at the RNA level.

3. Conclusion

In summary, we developed a biosafe injectable CDs-linked
chicken egg white hydrogel (TTF) encapsulating with LPS
and PD-L1 (TTF-L-C) to achieve spatiotemporal TAMs trans-
formation. Remarkably, TTF-L-C can realize macrophage direc-
tional recruitment, locoregionally reprogram, and PD-L1 block-
ade to comprehensively transform TAMs. The synthesized CDs
can recruit macrophages by upregulating Ctnnd1. Compared
with reported TAMs regulation paradigms, TTF-L-C-induced
macrophage spatial regulation not only increased the population
of tumoricidal macrophages at the tumor site but also provided a
new idea for localized reprogramming to alleviate the side effects
of immunogenic stimulants. In terms of therapeutic effect, TTF-
L-C achieved TAMs spatial-cellular-molecular multi-stage regu-
lation, sequentially realized TAMs recruitment, localized repro-
gramming, and ICB to comprehensively transform TAMs for in-
creased immunity. And finally, both 4T1 tumor subcutaneous
and recurrencemodels demonstrated enhanced immunotherapy
efficacy. From a methodological perspective, the strategy of load-
ing immunogenic stimulants and immune checkpoint block-
ades in the TTF provides an effective reference for designing
biomimetic antitumor hydrogels. Through rational engineering,
the CDs-linked chicken egg white hydrogel can provide a power-
ful tool for various biomedical applications.

4. Experimental Section
Cell Lines and Animals: Mouse breast cancer cell line 4T1 and mouse

mononuclear phage leukemia cell line RAW 264.7 and rat cardiomyocyte
cell line 293T were all purchased from the American Type Culture Col-
lection (ATCC). 4T1, RAW 264.7, and 293T cells were cultured in Dul-
becco’s modified Eagle’s medium (Gibco). Ans cells were cultured in me-
dia containing 10% FBS (Gibco) and 1% penicillin–streptomycin (BI) at
37 °C in 5% CO2. Female BALB/c mice (6–8 weeks old) were purchased
from Zhuhai Bestest Biotechnology Co., Ltd. (Zhuhai, China). Moreover,
all mice were maintained in a specific pathogen-free environment. Animal
operations complied with ethical standards and were approved by the An-
imal Care and Welfare Ethics Committee, Institute of Applied Physics and
Materials Engineering, University of Macau (ethics number: UMARE-048-
2023).

Preparation of CDs: Citric acid (2 g) and urea (6 g) were dissolved in
20 mL of DMSO. The solution was then heated at 160 °C for 6 h under
solvothermal conditions. After cooling to room temperature, the solution
was purified through dialysis (molecular weight cutoff of 1000 Dalton) for
72 h. Finally, the aqueous solution from the dialysis bag was collected and
freeze-dried to obtain CDs.

Preparation of TTF and TTF-L-C: First, 40 mL of chicken egg white was
mixed with CDs solution (8 mg mL−1), and the mixture was diluted with
pure water (a 1:1.2 volumetric ratio). Then, the mixed solution was cen-
trifuged at 10000 rpm for 10min to collect the supernatant and remove the
insoluble components. LPS (7.4 μg mL−1) and CA170 (60 μg mL−1) were
added to the supernatant and heated with a boiling water bath for 10 min
to obtain transparent TTF-L-C. For in vitro experiments with TTF-L-C
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Figure 7. RNA-seq analysis of TTF-L-C treatment in the tumor recurrence mouse model. a) Differential gene heat maps for tumors treated with L+C i.v.,
TTF or TTF-L-C compared with PBS-treated ones. b) Differential gene heat maps for tumors treated with TTF-C or TTF-L compared with TTF-L-C treated
ones. c) Venn plot analysis of significantly altered genes in different groups. d) GOBP and GOMF enrichment analysis of the TTF-L-C treated group
compared with the PBS-treated group. e) KEGG enrichment analysis of the TTF-L-C treated group compared with the PBS-treated group. f) Chord plot
analysis of the relationship between the significantly altered genes and the enriched pathways. g) Macrophage activation-related gene alternations after
treatment with TTF-L-C. h) Tumor proliferation and killing-related gene alterations after treatment with TTF-L-C.

treatment, the LPS dose was 1 μg mL−1 and the CA170 dose was
50 nM. For in vivo experiments with TTF-L-C treatment, the LPS dose was
0.3 mg kg−1 and the CA170 dose was 0.2 mg kg−1.

Characterization of TTF-L-C Mechanical Properties: i) Swelling rate.
First, the prepared hydrogel was freeze-dried for 3 days, and the mass was
weighed as Wd, then the freeze-dried hydrogel was soaked in water with a
mass of Ws. The swelling rate was calculated as follows:

Swelling Rate = Ws −Wd
Wd

(1)

ii) Porosity. First, weigh the freeze-dried hydrogel as m0 and measure the
volume as V0. Then the hydrogel was soaked in absolute ethanol until

equilibrium, and the mass was recorded as m1. Porosity was calculated
as follows:

Porosity =
m1 −m0

𝜌ethanol × V0
(2)

Transwell Assay for Macrophage Migration: RAW264.7 cells were inocu-
lated into the upper nest at the density of 105mL−1 and cultured overnight
in the incomplete medium. Hydrogel soaking solution was added to the
24-well plate and cultured for 48 h. Then the soaking solution was re-
moved, PBS was added and washed three times, next 4% paraformalde-
hyde was added to fix for 30 min. After washing again with PBS, crystal
violet was added and stained for 30 min. Finally, the cells were washed
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with PBS, and the upper layer of nested non-migrated cells was carefully
wiped off with a cotton swab for imaging.

Scratch Assay for Macrophage Migration: 4T1, RAW264.7, and 293T
cells were seeded in six-well plates at a density of 105 mL−1 and cul-
tured in a complete medium for 24 h. Discard the culture medium and
wash 3 times with PBS, then a 10 μL tip was employed to scratch the bot-
tom of the well plate. The cells were cultured with hydrogel in an incom-
plete medium immersion solution for 48 h and finally imaged under the
microscope.

Cell Imaging Assay: RAW264.7 cells were seeded in confocal dishes at a
density of 105mL−1 and cultured overnight. Then, the cells were fixed with
4% paraformaldehyde for 15 min and washed three times with PBS. Next,
the cells were incubated with 0.1% triton for 15 min, washed 3 times with
PBS, and then incubated with 3% BSA to block the cells for 30 min. After
staining cells with phalloidin and Hoechst for 15 min, cells were washed
3 times with PBS and used for confocal imaging.

Flow Cytometry Assay Detected Cell Typing: Cells were cultured on the
hydrogel surface or in a hydrogel-soaking solution overnight. Then the
cells were digested and dispersed in PBS to obtain a cell suspension, which
was washed three times. Next, cells were blocked by incubating with 3%
BSA for 30min. Finally, the cells were incubated with CD80 / CD86 / CD11c
antibody for 1 h, washed three times, and then loaded for flow cytometry.

Gene Silence Assay: Seed cells in a 6-well plate at a density that allows
them to reach 60%–70% confluence on the day of transfection. Prepare
transfection complexes according to the manufacturer’s instructions. Typ-
ically, this involves diluting siRNA and transfection reagent in serum-free
medium, then combining them and incubating for 15–20 min. Add the
transfection complexes to the cells and incubate for 4–6 h, then replace
with fresh complete medium. Then Incubate the cells for 24–72 h to allow
gene silencing. The optimal time depends on the target gene and cell type.

Elisa Assay Detected Cytokine Content: Cells were cultured on the hy-
drogel surface or in hydrogel-soaking solution overnight. Then the cells
were digested and dispersed in PBS to obtain a cell suspension, which was
washed three times. Next, IL-2 kit was used to detect the content of IL-2
secreted by cells, and finally microplate reader was employed to measure
the absorbance. Macrophages Migration Tracks Analysis and Molecular
Docking TTF was fixed on one side of the culture dish, macrophages were
cultured for 4 h, and video images were recorded using a confocal mi-
croscope. Imaris software was employed to analyze migration tracks. The
analysis steps include video import, cell positioning, confirmation of the
initial position, intermediate position and final position, and automatic
drawing of the cell movement trajectory. The docking process between
CDs and Ctnnd1 expressed catenin delta 1 protein was achieved by Dis-
covery Studio software. The crystal structures of catenin delta 1 protein
were obtained from PDB. First, the receptor-ligand interactions module
was used to dock the CDs into its receptor protein. After initial rough re-
sults, the most stable binding pose with the lowest energy was obtained
through ligand interaction analysis. Finally, Pymol software was used to
plot interaction poses.

Mouse Treatment Scheme: For the tumor recurrencemodel, mice were
randomly divided into six groups (n = 5) for 19-day treatments. To con-
struct 4T1 tumor-bearing mice, 1 × 105 4T1 cells (100 μL in PBS) were in-
jected subcutaneously into each mouse. Animals were housed at 22 °C in
a 12 h light / dark cycle and fed rodent chow and water freely in SPF space.
After 9 days, when the tumor volume reached ≈300 mm3, remove most of
the tumor, leaving rice-sized tumors as recurrent tumors. Meanwhile, the
hydrogel was implanted into the subcutaneous tumor site and sutured.
During the 19-day treatment, tumor volume and mouse body weight were
measured every other day, until the tumor volume grew to ≈2000 mm3.

Immunohistochemistry of Mouse Tumor Tissue: For CD86, F4/80, CD8,
CD4, C-Cas3, Ki67, and TUNEL staining, tissue slides were treated with
a kit. In H&E staining, the cryogenic slides with a thickness of 8 μm
were continuously treated with 10% v/v formalin (dissolved in PBS) for
half an hour. The slides were then washed with DI (deionized) water
and alcohol with different concentrations including 100%, 95%, and 70%.
The hematoxylin staining was conducted for ≈3 min and was washed
with water for ≈1 min. The images were collected with a digital slide
scanner.
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the author.
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