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A B S T R A C T

Cancer metastasis remains a significant challenge in oncology, prompting the exploration of innovative bio
materials to enhance treatment efficacy. While many hydrogels only serve as passive carriers, this study presents 
two novel self-assembling peptides, CWEWTWY and NapFFSGP, which form supramolecular hydrogels with 
intrinsic anti-metastatic properties. We demonstrate a correlation between the nanofibrous morphology of these 
peptides and their enhanced anti-metastatic activity, mediated by disruption of F-actin organization and 
impacting pathways related to cancer cell adhesion and actin filament dynamics. In vivo studies confirm a sig
nificant reduction in lung metastasis using a 4T1 pulmonary metastasis model. We also demonstrate their po
tential as a simple, synergistic platform integrating sonodynamic therapy (SDT) and ferroptosis. Ironporphyrin 
(FP), incorporated into Gel@FP, acts as both a sonosensitizer and ferroptosis inducer. Upon ultrasound irradi
ation, FP generates localized reactive oxygen species, further amplifying ferroptosis through enhanced lipid 
peroxidation. Gel@FP combined with ultrasound demonstrates potent antitumor efficacy in vitro and in vivo, 
promoting apoptosis, ferroptosis, and immunogenic cell death, leading to enhanced tumor regression and robust 
immune activation. Our findings highlight the potential of anti-metastatic hydrogels as a promising multifunc
tional platform to address the challenges of metastasis while enhancing antitumor immunity.

1. Introduction

Cancer metastasis is a formidable challenge in oncology, contrib
uting to the majority of cancer-related fatalities [1–4]. Traditional 
therapies often struggle to effectively manage metastatic cancer, 
necessitating the exploration of innovative biomaterials to enhance 
current treatment modalities and curtail metastatic progression [5–7]. 
Recent research has underscored the potential of nanofiber formation in 
impeding cancer cell migration and metastasis by disrupting F-actin 
polymerization, rearrangement, and cancer cell-extracellular matrix 
interactions [8–10]. Supramolecular hydrogels, comprised of 
self-assembled nanofibers, represent a promising approach in the bio
materials field for countering cancer metastasis [11–13]. These hydro
gels’ 3D networks function as physical barriers, restricting tumor cell 
mobility and invasive potential [14–16]. Despite extensive investigation 
into the localized delivery capabilities of supramolecular hydrogels, 

their potential as intrinsically anti-metastatic agents remain largely 
unexplored.

Sonodynamic therapy (SDT) is a non-invasive treatment modality 
that employs ultrasound waves to activate sonosensitizers, resulting in 
reactive oxygen species (ROS) generation and subsequent cancer cell 
apoptosis [17–19]. SDT’s ability to penetrate deep into tissues and 
generate localized ROS makes it an attractive therapeutic strategy [20,
21]. However, its effectiveness in inducing tumor apoptosis is con
strained by cancer cells’ inherent or acquired apoptosis resistance [22,
23]. Therefore, exploring non-apoptotic pathways offers new opportu
nities for eliminating cancer cells and reducing the survival of 
apoptosis-resistant clones [24,25]. Ferroptosis, a non-apoptotic form of 
regulated cell death, is characterized by lipid peroxide accumulation 
and iron-dependent oxidative stress, stemming from dysregulated 
cellular metabolism and redox homeostasis [26–28]. Unlike apoptosis, 
which cancer cells often evade, ferroptosis presents a unique 
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opportunity to bypass resistance mechanisms and selectively target 
cancer cells [29–32]. Therefore, the complementary mechanisms of SDT 
and ferroptosis provide a rationale for combining these therapies to 
achieve enhanced therapeutic outcomes [33–36]. However, current 
strategies to combine sonodynamic therapy (SDT) and ferroptosis often 
involve complex, multi-component systems, requiring separate delivery 
vehicles or multiple agents.

In this study, we identified two novel self-assembling peptides, 
CWEWTWY (Cys-Trp-Glu-Trp-Thr-Trp-Tyr), and NapFFSGP (Nap-Phe- 
Phe-Ser-Gly-Pro), capable of forming supramolecular hydrogels with 
inherent anti-metastatic properties (see Scheme 1). We establish a cor
relation between the nanofibrous morphology of these peptides and 
their enhanced anti-metastatic activity, mediated by disruption of F- 
actin organization and impacting pathways related to cell adhesion and 
actin filament dynamics. In vivo studies confirm a significant reduction 
in lung metastasis using a 4T1 pulmonary metastasis model. Focusing on 
the NapFFSGP hydrogel (Gel Nap), we demonstrate its potential as a 
simple, synergistic platform integrating SDT and ferroptosis. Iron
porphyrin (FP), incorporated into Gel Nap (Gel@FP), acts as both a 
sonosensitizer and ferroptosis inducer. Upon ultrasound irradiation, FP 
generates localized reactive oxygen species (ROS), further amplifying 
ferroptosis through enhanced lipid peroxidation. Gel@FP combined 
with ultrasound demonstrates potent antitumor efficacy in vitro and in 
vivo, promoting apoptosis, ferroptosis, and immunogenic cell death, 
leading to enhanced tumor regression and robust immune activation. 
Unlike conventional hydrogels that act solely as passive carriers for 
chemotherapeutics, our hydrogel exhibits intrinsic anti-metastatic ac
tivity by disrupting tumor cell migration pathways. This bioactivity 
persists even after drug loading, eliminating the need for exogenous 
anti-metastatic drugs. These anti-metastatic hydrogels offer a promising 
multifunctional strategy for preventing cancer spread and improving 
treatment outcomes.

2. Materials and methods

2.1. Peptide synthesis and characterization

Peptides Fmoc FF (Fmoc-Phe-Phe), CWEWTWY (Cys-Trp-Glu-Trp- 
Thr-Trp-Tyr), and NapFFSGP (Nap-Phe-Phe-Ser-Gly-Pro) were synthe
sized using standard Fmoc solid-phase peptide synthesis (SPPS). Crude 
peptides were purified using high-performance liquid chromatography 
(HPLC), and their purity was confirmed via HPLC and high-resolution 
mass spectrometry (HRMS).

2.2. Hydrogel preparation

CWEWTWY and NapFFSGP peptide (2 mg) was dissolved in 200 μL 
of 0.2 M phosphate buffer (PB, pH 6.5) and sonicated for 15 min to 
ensure complete dispersion. The mixture was incubated at room tem
perature for 6 h to allow for hydrogel formation. The two hydrogels 
formed are referred to as “Gel CW” and “Gel Nap”.

2.3. In vivo anti-metastatic studies

All animal experiments were approved by the Animals Experimen
tation Ethics Committee of Tianjin Medical University (No. TMUa
MEC2023008) and conducted according to institutional guidelines. 
Female BALB/c mice were injected with luciferase-expressing 4T1 cells 
(5 × 104 cells in 50 μL) via the tail vein to establish a pulmonary 
metastasis model. Three days post-injection, mice received daily intra
peritoneal injections of PBS, Gel CW, or Gel Nap (1.0 wt%). Tumor 
growth was monitored every 3–4 days using whole-body biolumines
cence imaging. On day 9, mice were sacrificed, and lung tissues were 
collected for analysis by Indian Ink and H&E staining.

2.4. Hydrogel Gel@FP characterization

Gel@FP Preparation: Ironporphyrin (FP) was dissolved in DMSO to 
prepare a stock solution. NapFFSGP peptide was then dissolved in PB 

Scheme 1. (A) Chemical structures of the self-assembling peptides used to form the hydrogels. (B) Proposed mechanism of action for the anti-tumor and anti- 
metastatic activity of Gel@FP.
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containing the desired concentration of FP (e.g., 50 μM). This mixture 
was sonicated and incubated as described above to obtain the drug- 
loaded hydrogel Gel@FP. Rheological properties of both Gel Nap and 
Gel@FP were assessed using a Discovery HR-20 TA rheometer.

2.5. Lipid peroxidation (LPO) detection in vitro

LPO was detected using the C11-BODIPY 581/591 probe. 4T1 cells 
were seeded in 24-well plates and treated with PBS, FP + US (0.3 W/ 
cm2, 1.0 MHz, 1 min), Gel@FP, or Gel@FP + US (0.3 W/cm2, 1.0 MHz, 
1 min). After incubation with the C11-BODIPY581/591 probe for 1 h, 

cells were imaged using a fluorescence inverted microscope.

2.6. Immunofluorescence staining in vitro

4T1 cells (1 × 105 cells/well) in 24-well plates were treated with 
PBS, FP + US (0.3 W/cm2, 1.0 MHz, 1 min), Gel@FP, or Gel@FP + US 
(0.3 W/cm2, 1.0 MHz, 1 min). After 4 h, cells were fixed, permeabilized, 
and blocked with 10 % goat serum. Cells were then incubated with 
primary antibodies overnight at 4 ◦C, followed by incubation with FITC- 
labeled secondary antibodies for 2 h. After counterstaining with DAPI, 
images were acquired using fluorescence microscopy, and fluorescence 

Fig. 1. In vitro anti-metastatic activity. TEM images of (A) FmocFF, (B) CWEWTWY, and (C) NapFFSGP. Scale bar: 500 nm. (D) The quantification of the wound 
scratch area in 4T1 tumor cells. Transwell invasion assays of 4T1 cells treated with (E) CWEWTWY, and NapFFSGP (0, 50, and 100 μM) and (F) Gel CW and Gel 
Nap. Scale bar: 100 μm. (G) Effects of different treatments on tumor cell F-actin. Scale bar: 20 μm.
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intensity was quantified using ImageJ.

2.7. In vitro cytotoxicity assay

4T1 cells were seeded in 96-well plates and treated with varying 
concentrations of Gel CW, Gel Nap, FP or Gel@FP (equivalent FP 
concentration: 1–25 μM) for 24 h. Cells were then irradiated with US 
(1.0 W/cm2, 1.0 MHz, 5 min) or left untreated and incubated for an 
additional 24 h. Cell viability was determined using the MTT assay. To 
visualize cytotoxicity, cells were stained with calcein AM and propidium 
iodide (PI) and imaged.

2.8. In vivo antitumor study

Once tumors reached approximately 50 mm3, 4T1 tumor-bearing 
BALB/c mice were randomly divided into six groups: (i) PBS, (ii) Gel 
Nap, (iii) FP (2.5 mg/kg), (iv) FP + US, (v) Gel@FP (equivalent to a FP 
dose of 2.5 mg/kg), and (vi) Gel@FP + US. Mice received peritumoral 
injections (50 μL) of the assigned treatment every two days for a total of 
three treatments. Two hours post-injection, US-treated groups received 
US irradiation (1.0 W/cm2, 1.0 MHz, 5 min). Body weight and tumor 
volume were measured every two days. At the end of the study, mice 
were sacrificed, and tumors and spleens were collected for histological 
analysis (H&E, TUNEL, PRDX3, and CD8 staining) and flow cytometry, 
respectively.

3. Results and discussion

3.1. Nanostructure morphology and in vitro anti-metastatic activity

To investigate the impact of peptide sequence and self-assembly 
morphology on anti-metastatic activity, three peptides with varying 
amino acid sequences and lengths—FmocFF, NapFFSGP, and 
CWEWTWY were synthesized via solid-phase peptide synthesis (SPPS). 
Following purification by HPLC, peptide structures were confirmed 
using HRMS (Figs. S1–S3). Transmission electron microscopy (TEM) 
analysis revealed distinct nanostructures formed by each peptide. 
FmocFF self-assembled into uniform nanobelts with an average diam
eter of 55.6 ± 7 nm (Fig. 1A). In contrast, CWEWTWY formed short, 
needle-like nanofibers with average diameters of 23.4 ± 2 nm, while 
NapFFSGP assembled into long nanofibers with average diameters of 
10.9 ± 0.8 nm (Fig. 1B and C). Circular dichroism (CD) spectroscopy 
was employed to characterize the secondary structures of the self- 
assembled peptides (Fig. S4). FmocFF and CWEWTWY exhibited a 
mixture of α-helix (35 % and 40 %, respectively), β-turn (23 % and 24 %, 
respectively), and random coil (32 % and 38 %, respectively) structures. 
The observed secondary structure, characterized by a high α-helical 
content along with a high proportion of β-turns, was consistent with 
previously reported structures [37–39]. In contrast, NapFFSGP pre
dominantly adopted a β-sheet conformation (49 %), with contributions 
from β-turn (23 %) and random coil (25 %) structures. These structural 
variations likely arise from differences in amino acid sequence, length, 

Fig. 2. In vivo anti-metastatic activity. (A) Representative in vivo bioluminescent images. (B) Quantification of total bioluminescence flux in mice with different 
treatments. (C) Photographs of lung metastases harvested on day 9. (D) H&E-stained images of lung tissue from different treatments. Scale bar: 100 μm **p < 0.01, 
***p < 0.001.
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and N-terminal capping groups, influencing intermolecular interactions 
such as π− π stacking and hydrogen bonding.

Building on previous studies demonstrating the inhibitory effects of 
self-assembling nanofibers on cancer cell migration and invasion, we 
evaluated the anti-metastatic potential of these peptides [40]. A wound 
healing assay revealed negligible inhibition of wound closure in both the 
PBS and FmocFF-treated groups (Fig. S5 and Fig. 1D). Conversely, 
treatment with CWEWTWY and NapFFSGP significantly reduced 
wound healing, suggesting that longer peptide sequences forming 
nanofibrous structures exhibit greater inhibitory effects on tumor cell 
migration. To further evaluate the anti-invasive potential of CWEWTWY 

and NapFFSGP, a transwell assay was conducted. Both peptides 
demonstrated potent anti-invasive activity against 4T1 cells compared 
to the PBS control (Fig. 1E). We further investigated the impact of 
hydrogel formulation on the peptides’ ability to inhibit cell migration 
(Figs. S6 and S7) and invasion (Fig. 1F). Both Gel CW and Gel Nap 
exhibited enhanced inhibitory effects compared to their respective 
peptide solutions (CWEWTWY and NapFFSGP), demonstrating the 
improved efficacy of hydrogel formation.

To investigate the underlying mechanism of the observed anti- 
metastatic effects, we examined F-actin filament organization, a key 
regulator of cell motility and invasion, using phalloidin staining. As 

Fig. 3. In vitro antitumor efficacy and mechanism of cell death. (A) Cytotoxicity of FP and Gel@FP against 4T1 tumor cells with or without US irradiation. (B) Semi- 
quantification of intracellular DCFH fluorescence intensity. (C) Intracellular LPO accumulation in 4T1 tumor cells after treatment with PBS, FP + US, Gel@FP, and 
Gel@FP + US. (D) Quantitative data of the fluorescence intensity of 510 nm channel in the immunofluorescence images. (E) HMGB1 levels in 4T1 cells after different 
treatments. (F) Quantitative data of the fluorescence intensity of HMGB1 in the immunofluorescence images. Scale bar: 100 μm *p < 0.05, **p < 0.01, ****p 
< 0.0001.
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depicted in Fig. 1G, PBS-treated 4T1 cells displayed normal, elongated F- 
actin filaments. In contrast, treatment with CWEWTWY or NapFFSGP 
led to disrupted and shortened F-actin microfilaments. This disruption 
suggests that these peptides exert their anti-metastatic activity by 
directly or indirectly interfering with F-actin polymerization and orga
nization, thereby impeding cell motility and invasive capacity.

3.2. In vivo anti-metastatic activity

To evaluate the in vivo anti-metastatic efficacy of CWEWTWY and 
NapFFSGP, we utilized an aggressive 4T1 pulmonary metastasis model 
in luciferase-transfected mice. Tumor growth and metastasis were 
monitored every three days using an IVIS imaging system. Notably, both 
CWEWTWY and NapFFSGP treatments significantly impeded lung 
metastasis compared to the PBS control group (Fig. 2A). Quantification 
of total luminescence signals within the lung region confirmed these 
observations, revealing a substantial reduction in luminescence in
tensity 5.18-fold for CWEWTWY and 2.54-fold for NapFFSGP compared 
to PBS-treated mice on day 9 (Fig. 2B).

Following sacrifice on day 9, lung tissues were collected and stained 
with Indian Ink to visualize macroscopic metastatic nodules. Consistent 
with the IVIS imaging data, both CWEWTWY and NapFFSGP treatments 
resulted in a significant reduction in the number of pulmonary nodules 
compared to the PBS group (Fig. 2C). Quantitative analysis revealed a 
substantial difference in metastatic burden between treated and un
treated lungs. As shown in Fig. S8, the untreated lungs averaged around 
200 diffusely distributed nodules, while lungs treated with Gel CW or 
Gel Nap averaged fewer than 30 nodules. Histological analysis using 
hematoxylin and eosin (H&E) staining further supported these findings 
(Fig. 2D). Importantly, no significant changes in body weight or path
ological abnormalities were observed in peptide-treated mice, indi
cating good biocompatibility of the peptides in vivo (Fig. S9). These 
results highlight the potential of designing self-assembling peptide- 
based hydrogels as a novel strategy for combating cancer metastasis.

3.3. Characterization and sonodynamic properties of Gel@FP

In addition to their promising anti-metastatic activities, both 
CWEWTWY and NapFFSGP exhibited the capacity to self-assemble into 
supramolecular hydrogels. NapFFSGP was selected for further investi
gation and development due to its ability to undergo facile hydro
gelation upon sonication. To explore its potential in SDT, the 
sonosensitizer FP was loaded into the NapFFSGP hydrogel matrix, 
yielding Gel@FP (Fig. S10A). Scanning transmission electron micro
scopy (STEM) coupled with energy-dispersive X-ray spectroscopy (EDX) 
elemental mapping was performed on the Gel@FP sample. The resulting 
elemental maps (Fig. S10B) reveal a uniform distribution of iron, con
firming the successful incorporation and distribution of FP within the 
hydrogel. Furthermore, the loading efficiency was determined to be 
97.5 % ± 2.7 %.

The physicochemical properties of the resulting hydrogel were then 
characterized both before and after FP encapsulation. Rheological 
analysis of Gel revealed higher storage moduli (G′) than loss moduli (G″) 
over a frequency range of 0.1–10 Hz and a strain range of 0.1–10 %, 
confirming the formation of a stable hydrogel (Figs. S11A and S11B). 
Importantly, the loading of FP within the hydrogel did not significantly 
alter the hydrogel’s viscoelastic properties (Figs. S11C and S11D).

We next investigated the sonodynamic properties of both free and 
hydrogel-encapsulated FP (Gel@FP). Gel@FP efficiently generated 
hydroxyl radicals (•OH) via the Fenton reaction [41], as evidenced by 
continuous methylene blue degradation in the presence of H2O2 under 
acidic conditions (Fig. S12). Further demonstrating its sonodynamic 
potential, FP exhibited a 12-fold increase in ROS generation in PBS 
compared to DMSO upon ultrasound irradiation (Fig. S13), and both free 
FP and Gel@FP showed superior sonosensitizing capabilities compared 
to Ce6 [42], as indicated by time-dependent increases in 2′, 

7′-dichlorofluorescein diacetate (DCFH) fluorescence intensity 
(Figs. S14A–D). Finally, Gel@FP + US treatment caused the most pro
nounced reduction in 1,3-diphenylisobenzofuran (DPBF) absorbance 
[43], indicating efficient singlet oxygen (1O2) generation 
(Figs. S14E–H). These findings collectively demonstrate that Gel@FP 
acts as an effective sonosensitizer formulation without compromising 
the sonodynamic properties of FP.

3.4. Antitumor efficacy and mechanism of cell death in vitro

Having demonstrated the enhanced sonodynamic properties of FP 
within the NapFFSGP hydrogel, we next evaluated the in vitro thera
peutic efficacy of Gel@FP against 4T1 cells. MTT assays demonstrated 
negligible cytotoxicity of both Gel CW and Gel Nap alone against 4T1 
tumor cells. As shown in Fig. S15, cell viability remained above 90 % 
even at a concentration of 600 μM, indicating good biocompatibility of 
both hydrogels themselves. While both FP alone and Gel@FP alone 
resulted in moderate cytotoxicity (66.92 % and 73.10 % cell viability at 
25 μM, respectively), US irradiation significantly enhanced their anti
tumor effects, reducing cell viability to 32.77 % and 33.86 % at 25 μM, 
respectively (Fig. 3A). Annexin V-FITC/PI staining confirmed increased 
induction of apoptosis following Gel@FP + US treatment compared to 
controls and individual treatments (Fig. S16).

To elucidate the mechanisms underlying the observed antitumor 
effects, we investigated ROS generation and the role of ferroptosis 
[44–46]. Gel@FP + US treatment resulted in robust intracellular ROS 
generation, as evidenced by strong DCFH-DA fluorescence (Figs. S17 
and 3B). This was accompanied by increased lipid peroxidation (LPO), 
indicated by a pronounced fluorescence shift in the BODIPY-C11 probe 
(Fig. 3C and D, S18). Furthermore, we observed a decrease in intracel
lular glutathione (GSH) levels. While Gel@FP treatment alone induced a 
slight reduction in GSH (likely due to Fenton reactions), the combination 
of FP + US and Gel@FP + US resulted in more substantial GSH deple
tion, suggesting that ultrasound irradiation enhances ROS production 
and subsequent GSH consumption (Fig. S19). To confirm the occurrence 
of ferroptosis induced by Gel@FP + US treatment, we examined key 
ferroptosis markers by immunofluorescence. As illustrated in Fig. S20, 
the Gel@FP + US treatment significantly decreased the expression of 
glutathione peroxidase 4 (GPX4), a critical regulator that normally 
prevents ferroptosis by reducing lipid peroxides. Additionally, we 
observed increased expression of peroxiredoxin 3 (PRDX3) following 
treatment (Fig. S21). Together, these molecular changes—decreased 
GPX4 and increased PRDX3—provide strong evidence for the induction 
of ferroptosis as a mechanism of cell death in our treatment model.

Finally, to investigate the potential of Gel@FP-mediated SDT to 
induce immunogenic cell death (ICD), the levels of the damage- 
associated molecular patterns (DAMPs) high mobility group box-1 pro
tein (HMGB1), calreticulin (CRT), and adenosine triphosphate (APT) 
were assessed [47]. Immunofluorescence was used to assess HMGB1 and 
CRT (Fig. 3E and F, S22), while an ATP assay kit was used to quantify 
ATP levels. Gel@FP + US treatment significantly decreased intracellular 
HMGB1 while increasing CRT exposure on the cell membrane. Impor
tantly, the Gel@FP + US treatment also significantly increased extra
cellular ATP levels compared to the control groups (Fig. S23), providing 
further evidence of its ability to induce ICD. Our investigation demon
strates the significant therapeutic potential of Gel@FP combined with 
ultrasound irradiation against 4T1 cells. This synergistic treatment 
promotes apoptosis, triggers ferroptosis through robust ROS generation 
and lipid peroxidation, and enhances immunogenic cell death, high
lighting its promise for cancer therapy.

3.5. In vivo antitumor efficacy and immune activation

Following the promising in vitro results, the in vivo antitumor efficacy 
of Gel@FP was evaluated in a 4T1 tumor-bearing mouse model. Mice 
were randomly assigned to six groups: (i) PBS, (ii) Gel Nap, (iii) FP, (iv) 
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FP + US, (v) Gel@FP, and (vi) Gel@FP + US. US-involved groups 
received irradiation at 1.0 W/cm2, 1 MHz for 5 min. As shown in Fig. 4A, 
Gel@FP + US treatment resulted in the most significant tumor growth 
inhibition throughout the treatment period. By day 16, the average 
tumor weight in the Gel@FP + US group was only 11.5 % of that in the 
PBS control group (Fig. 4B and C). Histological analysis of tumor tissues 

using hematoxylin and eosin (H&E) and TUNEL staining revealed 
extensive karyolysis, cellular fragmentation, and apoptosis in the 
Gel@FP + US group (Figs. S24A and S24B). To further confirm the 
mechanism of cell death in vivo, we performed immunofluorescence 
staining of key ferroptosis markers in tumor tissues. As shown in Fig. 4D 
and Fig. S24B, tumors treated with Gel@FP + US exhibited significantly 

Fig. 4. In vivo antitumor efficacy and immune activation. (A) Tumor growth curves of mice treated with different formulations. (B) Tumor weights on day 16. (C) 
Representative tumor photographs of 4T1 tumor-bearing mice at 16 days post-treatment. (D) Immunofluorescence staining of GPX4, PRDX3, CRT, HMGB1, and CD8 
in tumor tissues. (E) Flow cytometry analysis of DC maturation markers in the spleen. Scale bars: 100 μm ****p < 0.0001.
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Fig. 5. Proteomics analysis of tumor tissues. (A) Hierarchical clustering of 5135 quantified proteins from tumor tissues. (P: PBS, G: Gel Nap, F: FP + US, G + F: 
Gel@FP + US). (B) Hierarchical clustering of 1832 significantly changed proteins based on ion intensities. The number of proteins within each cluster and selected 
enriched biological processes/pathways are indicated. (C) Volcano plots depicting pairwise comparisons of protein expression levels between different treatment 
groups. Significantly altered proteins (two-sided t-test, p-value <0.05, adjusted for multiple comparisons using the Benjamini-Hochberg method, fold change >2) are 
shown above the horizontal dashed line. Blue dots represent downregulated proteins, and orange dots represent upregulated proteins. (D) Gene Ontology (GO) 
enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of differentially expressed proteins.
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decreased expression of GPX4 alongside markedly upregulated PRDX3 
levels. These molecular changes mirror our in vitro findings and provide 
compelling evidence that ferroptosis is a primary cell death mechanism 
induced by Gel@FP + US treatment in vivo.

The ability of Gel@FP + US to induce ICD was also evaluated in vivo. 
Tumor tissues were analyzed via immunofluorescence staining for ICD 
hallmarks. As shown in Fig. 4D and Fig. S24B, the Gel@FP + US group 
exhibited the most pronounced CRT exposure, with fluorescence in
tensity 1.5-fold higher than the FP + US group and 3-fold higher than the 
Gel@FP group, confirming ultrasound-triggered amplification of CRT 
membrane translocation. Furthermore, HMGB1 showed the most sig
nificant cytoplasmic translocation in the Gel@FP + US cohort. This 
coordinated upregulation of CRT and HMGB1 release provides direct 
evidence of robust ICD activation in vivo. To assess immune activation, 
tumor tissues were stained for CD8+ T cells. Gel@FP + US treatment led 
to the highest level of CD8+ T cell infiltration, suggesting a potent 
antitumor immune response (Fig. 4D, S24B). Flow cytometry analysis of 
splenic dendritic cells (DCs) revealed that Gel@FP + US treatment 
significantly increased the expression of the maturation markers CD45, 
CD80, and CD86 (Fig. 4E). Furthermore, Gel@FP + US treatment 
resulted in the highest frequency of CD8+ T cells in the spleen, indicating 
systemic immune activation (Fig. S24C). Importantly, Gel@FP treat
ment did not induce significant changes in body weight or histopatho
logical abnormalities in major organs, suggesting a favorable safety 
profile in vivo (Fig. S25). These findings highlight the potential of 
Gel@FP + US as a safe and effective therapeutic strategy for cancer 
treatment.

3.6. Mechanistic insights into metastasis inhibition in vivo

To elucidate the mechanisms underlying the observed metastasis 
inhibition, we performed a comprehensive proteomic analysis of tumor 
tissues from different treatment groups. Hierarchical clustering of all 
quantified proteins revealed distinct protein profiles across treatments, 
with greater intergroup differences compared to intragroup variations 
(Fig. 5A). This finding suggests that each treatment modality induced 
unique proteomic alterations within the tumor microenvironment.

To identify differentially expressed proteins (DEPs) between treat
ment groups, we performed pairwise comparisons using Student’s t-test 
(p-value <0.05, fold change >2). Hierarchical clustering of these DEPs 
further emphasized the distinct proteomic signatures associated with 
each treatment, resulting in four well-defined clusters (Fig. 5B). Volcano 
plots visually represent the DEPs, highlighting proteins with significant 
abundance changes (Fig. 5C). Gene Set Variation Analysis (GSVA) was 
employed to explore the functional implications of the observed prote
omic changes. GSVA revealed significant enrichment of specific cellular 
components, biological processes, molecular functions, and pathways 
within each cluster. Notably, the Gel Nap group exhibited a striking 
enrichment in pathways directly related to cell adhesion, actin filament 
binding, and actin binding dynamics, as evidenced by the proteomic 
analysis (Fig. 5D). This finding provides compelling evidence to suggest 
that Gel Nap’s potent metastasis-inhibiting effects are mediated, at least 
partially, through its influence on these crucial cellular processes. The 
upregulation of proteins involved in cell adhesion suggests that Gel Nap 
may promote the attachment of tumor cells to the extracellular matrix or 
neighboring cells. This increased adhesion could physically restrain 
tumor cells, preventing them from detaching from the primary tumor 
mass and initiating the metastatic cascade. Moreover, the observed 
enrichment in pathways related to actin filament binding and dynamics 
indicates that Gel Nap likely influences the organization and polymer
ization of actin filaments within tumor cells, consistent with our cell 
experiment findings. This modulation could disrupt the formation of 
lamellipodia and filopodia, structures that are essential for cell migra
tion and invasion. These findings highlight the multifaceted mechanisms 
by which Gel Nap exerts its anti-metastatic effects.

Interestingly, the Gel@FP + US group displayed upregulation of 

pathways associated with inflammatory and innate immune responses. 
This observation suggests that the combination of SDT and ferroptosis 
induction via Gel Nap may trigger a systemic innate immune response, 
potentially contributing to the enhanced therapeutic efficacy observed 
with this combinatorial approach.

4. Conclusion

In conclusion, this study demonstrates the potent anti-metastatic and 
antitumor efficacy of self-assembling peptide-based hydrogels and their 
sonodynamically active formulation with the sonosensitizer FP. Our 
findings reveal a correlation between the nanofibrous morphology of 
these self-assembling peptides and their enhanced anti-metastatic ac
tivity in vitro, likely mediated by disruption of F-actin organization. This 
disruption impairs cancer cell migration and invasion, effectively 
limiting metastatic potential. In vivo studies using a 4T1 pulmonary 
metastasis model corroborated these findings, demonstrating a sub
stantial reduction in lung metastasis following treatment with both 
CWEWTWY and NapFFSGP. Furthermore, proteomic analysis revealed 
that Gel Nap significantly impacts pathways related to cell adhesion and 
actin filament dynamics, providing mechanistic insights into its 
metastasis-inhibiting properties.

Emerging strategies for anti-metastatic treatment include angiogen
esis inhibitors (e.g., bevacizumab), cytotoxic chemotherapeutics (e.g., 
doxorubicin), and immune checkpoint inhibitors (e.g., pembrolizumab). 
These approaches, while often effective, can be associated with signifi
cant systemic toxicities, development of drug resistance, and high costs. 
Our injectable hydrogel system offers a distinct advantage by exhibiting 
intrinsic anti-metastatic activity through the disruption of tumor cell 
migration pathways. Furthermore, its dual functionality as both a 
therapeutic agent and a drug delivery system potentially reduces the 
need for exogenous anti-metastatic drugs, thereby minimizing off-target 
effects. While our current system relies on passive diffusion for payload 
release, which may limit its efficacy in certain scenarios, it provides a 
foundation for future development of stimuli-responsive release mech
anisms triggered by the tumor microenvironment (e.g., pH, enzymes). 
Such advancements could further enhance the targeted delivery and 
therapeutic efficacy of the hydrogel system, offering a potentially safer 
and more effective approach to combating metastasis compared to 
existing treatments.
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