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Abstract 

Background  Expression of the Neuropilin-1 (NRP1) is reported in malignant cells of multiple human tumor types 
represented as a tumor marker. Targeting NRP1 with a peptide, CK3, is used for tumor molecular imaging, rais-
ing the question of the therapeutic potential of CK2, a peptide with a CK3 backbone which enhanced targeting 
and tumor enrichment properties.

Methods  The tumor targeting and enrichment capacity of CK2 was detected by IncuCyte, flow cytometry and ani-
mal living imaging. To enhance its therapeutic efficacy, we developed a self-assembling peptide nanoparticles Fmoc-
Gffy-AP-CK2, incorporating a peptide protective domain (Fmoc), a self-assemble domain (Gffy) and an anti-tumor 
peptide (AP). In vitro cellular assays and in vivo tumor-xenograft experiments were conducted to evaluate the anti-
tumor effect of Fmoc-Gffy-AP-CK2.

Results  While CK3 peptide specifically targets NRP1 in vitro and in vivo, CK2 markedly achieves stronger binding 
with NRP1 and higher tumor accumulation. Fmoc-Gffy-AP-CK2 exhibits a potent NRP1-dependent cytotoxic effect 
in vitro and in vivo. Mechanically, Fmoc-Gffy-AP-CK2 triggered caspase3/gasdermin E (GSDME)-mediated pyroptosis. 
Fmoc-Gffy-AP-CK2 also promotes the response rate of PD-1 checkpoint blockade.

Conclusions  CK2, When combined with Fmoc-Gffy-AP domain, Demonstrated high anti-tumor efficacy, Providing 
a novel strategy for tumor treatment.

Keywords  Neuropilin1, Cell-permeable peptides, Anti-tumor, Pyroptosis, Immunotherapy

†Zheng Zhao, Jingyun Wang and Mengmeng Liu contributed equally to this 
work.

*Correspondence:
Di Wu
wudi1@sysucc.org.cn
Rongbin Liu
liurb3@mail2.sysu.edu.cn
Xuekui Liu
liuxk@sysucc.org.cn
1 State Key Laboratory of Oncology in South China, Guangdong Key 
Laboratory of Nasopharyngeal Carcinoma Diagnosis and Therapy, 
Guangdong Provincial Clinical Research Center for Cancer, Sun Yat-Sen 
University Cancer Center, 651 Dongfeng East Road, Guangzhou 510060, 
People’s Republic of China
2 Department of Oncology, The Second Affiliated Hospital JiangxiMedical 
College Nanchang University, Nanchang, China  330000

3 Jiangxi Key Laboratory of Clinical Translational Cancer Research, 
Nanchang 330000, Jiangxi, China
4 State Key Laboratory of Biocatalysis and Enzyme Engineering, School 
of Life Sciences, Hubei University, Wuhan 430062, China
5 Department of Ultrasound, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen 
University, Guangzhou 510120, China
6 Guangdong Provincial Key Laboratory of Malignant Tumor Epigenetics 
and Gene Regulation, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen 
University, Guangzhou 510120, China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12885-025-13784-y&domain=pdf


Page 2 of 13Zhao et al. BMC Cancer          (2025) 25:413 

Background
The scientific advancements in our modern biological 
research greatly improve our understanding of malig-
nant tumor. Small molecules, antibodies, short DNA 
aptamers and peptides are rational drug approaches [1, 
2]. However, the majority group of druggable protein tar-
gets are only 3000 and our knowledge has not yet been 
adequate to find a cure for all cancers. Over the past 
decades, peptide drugs have increased significantly in 
the drug discovery landscape [3, 4]. Peptides exert their 
therapeutic effect through directly binding with their 
target or through conjugation to therapeutics, which are 
regarded as cargo for peptides [5, 6]. Thus, therapeutic 
peptides include cell-targeting peptides (CTP) and cell-
permeable peptides (CPP) [7]. Rekdal et al. have reported 
that the position of a tryptophan residue, adjacent to the 
cationic region of a short amphipathic peptide and facili-
tated by the electrostatic interaction, aids in the insertion 
and subsequent cytotoxic activity of the peptide [8]. Such 
amphipathic bioactive peptides can also be used to drive 
“self-assembly” to form higher order peptide structures 
that can either be targeted directly to the membrane or 
can be guided through the membrane to attack intra-
cellular targets upon assembly [9]. Over the past dec-
ades, Kuang et al. [10], Wang et al. [11] and Chen et al. 
[12] have tried to use self-assemble peptides to therapy 
cancer. The challenges to produce efficient and specific 
tumor-eradicating peptides not toxic to normal tissue 
are severalfold. Design a novel peptide-therapeutic com-
plex, which can bind a molecular marker present on the 
targeted tumor cells and internalize to exert therapeu-
tic effect while sparing other cells from the often toxin 
effect, is emergency for future cancer treatment.

Neuropilin-1 (NRP1) is single-pass transmembrane 
with a major role in immunity and tumorigenesis [13]. 
NRP1 is abundantly expressed within malignant cells of 
multiple human tumor types and tumor microenviron-
ment, represented as a tumor therapeutic target [14, 
15]. CK3, selected by phage display, was validated as a 
NRP1 targeting peptide and used for molecular imag-
ing in breast cancer, which discovered by our lab [16, 
17]. Qin et al. [18] had designed two probes on basis of 
the CK3 sequence, which achieved excellent specific tar-
geting ability toward NRP1 and served as a platform for 
constructing dual-model or dual-targeting probes for 
tumor diagnosis. Conceivably, it’s strikingly necessary 
to improve the affinity with NRP1 and boost the usages 
of CK3 to ameliorative clinical outcomes and favorable 
prognosis.

A successful example of therapeutic peptide was 
reported by Ellerby et  al. [19]. They designed a pro-
apoptotic peptide AP that was non-toxin outside cells, 
but toxin once internalizing into cells by disruption of 

mitochondrial membranes and activation caspase3 [19]. 
Peptide AP can’t recognize target cells and internal-
ize into cells itself [19]. CPP is need for AP to exerting 
its pro-apoptosis effect. Self-assembling L-peptide Gffy 
was applied to protect against peptide degradation and 
raise both humoral and cellular immune response [20, 
21]. Moreover, short peptides modified with 9-fluorenyl-
methyloxycarbonyl (Fmoc) process excellent self-assem-
bly capabilities and eminent application in drug delivery 
[22]. In this research, we modified CK3 to CK2 according 
that C-terminal arginine or lysine was essential to bind to 
NRP1 and penetrate cell membrane [17], which targeted 
more selectively to NRP1 and more accumulated in the 
tumor compared to other non-tumor bearing organs. 
Moreover, we incorporated the advances of AP, Gffy, 
Fmoc and CK2, and developed self-assembling peptide 
nanoparticles which specifically target NRP1-expres-
sion cancer cells (Scheme  1). This nanoparticle named 
Fmoc-Gffy-AP-CK2. We found Fmoc-Gffy-AP-CK2 were 
capable of cytotoxic and antitumor effect by activating 
caspase3/GSDME mediated pyroptosis. Importantly, 
Fmoc-Gffy-AP-CK2 also present a potent antitumor 
effect in subcutaneous mouse model with potent CD8+ T 
cells stimulating property. Thus, Fmoc-Gffy-AP-CK2 may 
represent a novel and enticing approach for oncotherapy.

Methods
Peptide synthesis and labeling
AP-CK2, Fmoc-Gffy-CK2, Fmoc-Gffy-AP-CK2, Cy5-
CK2 and Cy5-Ctrl were synthesized by Chinese Peptide 
Company (Hangzhou, China) using standard solid-phase 
Fmoc chemistry. Peptides were purified to a minimum 
purity of 95% high-performance liquid chromatography 
(HPLC), mass spectrometry (MS) and were isolated by 
lyophilization. The certificates of analysis were attached 
in supplementary files.

Characterization
The electric potential and volume size distribution of 
Fmoc-Gffy-AP-CK2 nanoparticles were detected by 
dynamic light scattering (DLS) (Zetasizer Nano ZS, Mal-
vern Instruments Limited, Malvern, Worcestershire, UK). 
Size and sharp of Fmoc-Gffy-AP-CK2 nanoparticles at 
nearly state were determined with a field emission scan-
ning electron microscope (FESEM) by Novabio (China).

Cell culture
S18, MDA-MB-231, A549, Capan2, KYSE450, LM3, 
HGC27, Hela and HCT116 were kindly provided by Dr. 
Musheng Zeng and cultured in complete RPMI 1640 
(Sigma-Aldrich, #R8758-500  ml) with 10% Fetal Bovine 
Serum (FBS), 100U/ml penicillin/streptomycin (Ther-
moFisher, #15,140,122). The mice breast tumor cell 



Page 3 of 13Zhao et al. BMC Cancer          (2025) 25:413 	

line 4T1 was cultured in complete Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) (Sigma-Aldrich, #D6429-
500  ml) and was also a gift of Dr. Zeng. All cells were 
incubated at 37℃ with 5% CO2 in a humidified atmos-
phere. All cell lines used in this study were authenticated 
using short tandem repeat (STR) profiling and regularly 
tested for mycoplasma contamination to ensure validity 
and reproducibility of the results.

Cell viability assays
Cell viability upon AP-CK2, Fmoc-Gffy-CK2 and Fmoc-
Gffy-AP-CK2 exposure was assessed with the Cell 
Counting Kit-8 (CCK8) (DOJINDO, #CK04) according 
to the manufacturer’s instructions. Cells were seeded 
in 96-well plate (8000 cells/well) and treated with either 
buffer or different concentrations of AP-CK2 or Fmoc-
Gffy-CK2 or Fmoc-Gffy-AP-CK2 (0–20 μM) for 60 min. 
CCK8 reagent was added into the plate and incubated at 
37℃ for 4 h, and detected the absorbance.

Clone formation
500 cells were added into each well of 6-well plate over-
night. Cells were treated with different concentration of 
AP-CK2, Fmoc-Gffy-CK2 and Fmoc-Gffy-AP-CK2. The 
medium was refreshed every 4  days until clones could 
been observed by naked eye. After getting rid of the 

medium and washing by PBS, cells were fixed with 4% 
paraformaldehyde (Biosharp, #BL539A). Then 0.1% crys-
tal violet (Macklin, #C805210) was used to stain clones 
after washing by PBS. Plate was washed under running 
water and air dried.

Flow cytometry analysis
Cell viability upon AP-CK2, Fmoc-Gffy-CK2 and Fmoc-
Gffy-AP-CK2 exposure was further assessed using the 
Annexin V-FITC/propidium iodide (PI) Kit (KeyGEN, 
#KGA108) according to the manufacturer’s instructions. 
30,000 cells were plated in per well of 6-well plate and 
exposed to 1.5  μM, 3  μM or 6  μM of AP-CK2, Fmoc-
Gffy-CK2 or Fmoc-Gffy-AP-CK2 for 60 min. Cells were 
collected and analyzed by CytoFLEX LX (Beckman 
Coulter).

LDH release assay
LDH release from S18 and MDA-MB-231 cells upon 
AP-CK2, Fmoc-Gffy-CK2 and Fmoc-Gffy-AP-CK2 
exposure was studied using LDH Cytotoxicity Assay Kit 
(Beyotime, #C0017). Cells were seeded in 96-well plate 
and added assay reagents after 24  h treatment accord-
ing to the manufacturer’s instructions.The absorbance at 
490  nm was measured by a multi-well apectrophotom-
eter (Bio-Tek EPOCH).

Scheme 1  Schematic illuatration of the drug delivery and anti-tumor process of Fmoc-Gffy-AP-CK2. The self-assembling toxin nanocarrier 
Fmoc-Gffy-AP-CK2, that specifically targets NRP1, was designed to selectively deliver cytotoxic toxin AP to treat NRP1+ tumor cells via activating 
caspase 3/GSDME pathways and triggering pytoptosis which boosted system immune
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Western blotting
Protein was extracted by RIPA and quantified by BCA 
protein assay kit (ThermoFisher, #23,225). Protein sam-
ples were boiled in 5 × SDS PAGE loading buffer for 
5 min and loaded to 10% SDS PAGE gels for protein sepa-
ration. Protein was transferred to polyvinylidene fluoride 
(PVDF) membrane (Merck millipore, #ISEQ00010) and 
membrane was blocked in 5% non-fat milk for 60  min 
at room temperature with gentle shaking. The primary 
antibodies were used to incubate with membrane at 4℃ 
overnight. Followed by washing with PBST for 3 times, 
the membrane was incubated with the HRP-conjugated 
secondary antibodied for 60  min at room temperature. 
Finally, membranes were visualized by enhanced chemi-
luminescence (ECL) (Zen BioScience, #17,046-500  ml) 
and imaged with Tanon 5200 Multi instrument (Shang-
hai, China) as recommended by the manufacturer.

In vivo experiments
Five-week-old female nude BALB/c mice and BALB/c 
mice were purchased from Charles River (Zhejiang, 
China) and housed in a specific pathogen-free (SPF) 
environment with sterile food and water. All animal 
experiments were proved by the ethics committee of Sun 
Yat-sen University (approval No. L025503202205014).

To detect the biodistribution of CK2 peptide were 
labelled with the fluorescence dye Cy5 using Cy5 label kit 
(Ginbio, #GB70010) according to the instructions of the 
manufacturer. BALB/c bearing MDA-MB-231 xenografts 
were intravenously injected with 20  nmol Cy5-labelled 
peptides in 100  μl PBS for 24  h. The biodistribution of 
Cy5 were analyzed by bioluminescence imaging using 
IVIS Spectrum (Xenogen) and then the mice were eutha-
nized. Organs were collected and quantitative imaging 
immediately.

To assess Fmoc-Gffy-AP-CK2 cytotoxic effect, ani-
mals bearing Hela tumors of approximately 100 mm3 
were randmized into 4 groups (n = 5 per group). 1  mg 
of AP-CK2, Fmoc-Gffy-CK2, Fmoc-Gffy-AP-CK2 or 
buffer were intravenously administered to the animals 
every other day. Tumor size and body weight were meas-
ured three times per week with the caliper (tumor vol-
ume = width × width × length/2). After 30  days, animals 
were euthanized using carbon dioxide (CO2) asphyxi-
ation in a chamber designed for small laboratory ani-
mals. Tumor tissues and other organs were collected 
and fixed into formalin/RNA later buffer (ThermoFisher, 
#AM7021) for further analysis.

To investigate the immune effect in  vivo, 1 × 106 4T1 
cells were subcutaneous injected into the back of BALC/c 
mice. When the volume grew to 100 mm3, PD-1 anti-
body and Fmoc-Gffy-AP-CK2 were used in mice. Fmoc-
Gffy-AP-CK2 administration approach was intravenous 

injection and PD-1 antibody was intraperitoneal injec-
tion: group one, 100 μl PBS; group two, Fmoc-Gffy-AP-
CK2 with the dose of 100  μg/100  μl; group three, PD-1 
antibody with the dose of 200  μg/100  μl; group four, 
100 μg Fmoc-Gffy-AP-CK2 and 200 μg PD-1 antibody in 
100 μl. After 30 days, animals were euthanized using car-
bon dioxide (CO2) asphyxiation in a chamber designed 
for small laboratory animals. Tumor tissues and other 
organs were collected and fixed into formalin/RNA later 
buffer (ThermoFisher, #AM7021) for further analysis.

Histological analysis
Tissues from mice were fixed in 4% paraformaldehyde 
and embedding with paraffine. 4  μm sections were cut 
by Leica Microtome and examined by hematoxylin and 
eosin (BASMEDTSCI, #BP0211) staining. For immuno-
histochemical (IHC) analysis, tissue sections were depar-
affinized, hydrated and retried antigen in citrate-based 
unmasking solution (ZSGB-BIO, #ZLI-9065) by heating 
in autoclave cooker for 10 min. Sections were washed in 
PBST (PBS with 0.1% Tween-20) and blocked in normal 
goat serum (CoWin Biosciences, #CW0130S) for 1  h. 
Slides were incubated overnight at 4 ℃ in a humidified 
chamber with the following primary antibodies: anti-N-
GSDME (Abcam, #ab222407), anti-cleaved-caspase 3 
(Abcam, #ab32042), anti-Ki67 (Proteintech, #27,309–1-
AP). After washing, secondary antibody HRP-conjugated 
goat anti-rabbit antibody (ThermoFisher, #31,460) was 
applied for 1 h at room temperature. Slides were stained 
with hematoxylin and mounted with neutral resins 
(Splarbio, #G8590).

Statistical analysis
All experiment were performed in triplicate. Data 
were showed as mean ± SD. GraphPad Prism 8 sofware 
(GraphPad Sofware, San Diegom, California USA) was 
used for statistical analyses. Differences between groups 
with Gaussian distribution were analyzed by using t-test, 
otherwise Wilcoxon rank sum test was used. Values of 
p < 0.05 were considered statistically significant.

Results
CK2 achieves a strong binding with NRP1 and high tumor 
accumulation in subcutaneous tumor model
In the previous study, a specific NRP1 targeting peptide 
CK3 (CLKADKAKC) was screened by phage display and 
the function was verified in vitro and in vivo [16]. Subse-
quently, based on CK3, a peptide CK2 (CLKADK) with 
theoretically stronger binding ability was designed. We 
have found that compared with CK3, the optimized CK2 
achieved a higher affinity with NRP1 in vitro [23].

To investigate whether NRP1-targeted peptide CK2 
could be targeted NRP1-expression tumor or not, 
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Cy5-labeled CK2 (CK2-Cy5) were intravenously injected 
into mice model bearing MDA-MB-231 subcutaneous 
tumor. The fluorescence imaging was captured by IVIS 
Spectrum. Cy5 fluorescence was used as a negative con-
trol. Whole-body fluorescence imaging revealed that 

Cy5-labeled CK2 specifically accumulated in subcuta-
neous and a small accumulation in the kidney (Fig. 1A). 
Furthermore, mouse tissues imaging showed that Cy5-
labeled-CK2 was enriched in the tumor and excreted in 
the kidney 24 h after injection (Fig. 1B and C). Then we 

Fig. 1  NRP1-target peptide CK2 accumulated in tumor and Fmoc-Gffy-AP-CK2 nanoarchitecture were characteristic. A In vivo tumor homing 
of Cy5-labeled CK2. Mice bearing MDA-MB-231 tumors were intravenously injected with 200 μg of Cy5-labeled CK2 or Cy5-labeled control 
peptide. Near-infrared fluorescence (NIRF) imaging was performed 12 h post-injection to visualize tumor accumulation. B Fluorescence 
in excised organs was measured to evaluate tissue distribution of Cy5-labeled CK2 and control peptide. C 0.1 μg Cy5-CK2 was mixed with 30 μL 
of mice sera and incubated at 37 °C for different durations as indicated, the degradation of Cy5-CK2 was evaluated by flow cytometry assays, 
and the degradation curve was drawn using nonlinear regression based on fluorescence value. D The region of interest (ROI) in (B)was represented 
as the max radiant efficiency. E Fmoc-Gffy-AP-CK2 is divided in four fragments. F Z-potential (Zp) values of Fmoc-Gffy-AP-CK2 were determined 
to evaluate surface charge. G Size of Fmoc-Gffy-AP-CK2 nanoparticles was measured by DLS. H FESEM image of Fmoc-Gffy-AP-CK2 showed 
nanoparticle structure. Bars indicate 100 nm
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incubated Cy5-CK2 in mice serum samples at 37℃ for 
different times, and the results showed that the half-life 
of Cy5-CK2 in sera from mice was 12.95 ± 0.3 h (Fig. 1D). 
Taken together, these data indicated that NRP1 is the cel-
lular target of CK2 and CK2 achieved strong biomacro-
molecules uptake efficiency in vivo.

CK2 self‑assembled nanoparticles induce anti‑tumor effect 
in vitro
Peptide AP, first repored by Ellerby et  al., is a cationic 
peptide with α helical structure which could destroy 
mitochondria membrane, release cytochrome C and 
active caspase3 [19]. But without CPP, AP can’t enter 
cells. Peptide Gffy could be coupled with peptides to form 
nanospheres and increase the stability of peptides [20, 

Fig. 2  Fmoc-Gffy-AP-CK2 cytotoxic effect in tumor cell lines. A Dose-dependent cytotoxic effects of AP-CK2, Fmoc-Gffy-CK2, and Fmoc-Gffy-AP-CK2 
(0–20 μM) on S18 and MDA-MB-231 cell lines after 1 h of exposure. Cell viability was assessed, and IC50 values were determined for each compound. 
B Colony formation assay experiments were performed for S18 and MDA-MB-231 with AP-CK2, Fmoc-Gffy-CK2 or Fmoc-Gffy-AP-CK2 treatment. 
Representative images of S18 (up) and MDA-MB-231(down) colony formation after treatment were shown. C and D Mean colony numbers were 
measured after treatment and the results of S18 (C) and MDA-MB-231 (D) were presented as Mean ± S.D.. ***p < 0.005

Table 1  IC50 values of Fmoc-Gffy-AP-CK2 treatment in tumor cell 
lines

IC50 values show the Fmoc-Gffy-AP-CK2 concentration (μM) (concentration, 
mean (95% confidence intervals))

tumor Cell lines IC50

Nasopharyngeal tumor S18 2.88

Breast tumor MDA-MB-231 4.05

4T1 10.07

Lung tumor A549 9.17

Esophageal tumor KYSE450 15.87

Pancreatic tumor Capan-2 8.12

Liver tumor LM3 7.32

Stomach tumor HGC27 5.94

Colorectal tumor HCT116 9.8
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Fig. 3  Fmoc-Gffy-AP-CK2 activated caspase3/GSDME-mediated pyropsosis. A Representative images of tumor cells treated with or without 
Fmoc-Gffy-AP-CK2 for 1 h. Pyroptotic morphological changes, including cell swelling and membrane rupture, were observed at 200 × magnification. 
B Quantification of LDH release as an indicator of membrane disruption in S18 and MDA-MB-231 cells treated with AP-CK2, Fmoc-Gffy-CK2, 
or Fmoc-Gffy-AP-CK2 at various concentrations. ***p < 0.0001. C Representative images of pro-caspase3, cleaved-caspase3, GSDME, NT-GSDME 
and GAPDH western blots of samples from MDA-MB-231 cell lines exposed to AP-CK2, Fmoc-Gffy-CK2 or Fmoc-Gffy-AP-CK2 for 1 h. D Cell viability 
of HCT116 and MDA-MB-231 cells either treated with AP-CK2, Fmoc-Gffy-CK2 or Fmoc-Gffy-AP-CK2

Fig. 4  In vivo antitumor effect of Fmoc-Gffy-AP-CK2. A Antitumor efficacy of Fmoc-Gffy-AP-CK2 on Hela tumor-bearing nude mice in vivo 
(n = 5 biologically independent mice per group). Schematic illustration the treatment schedule of AP-CK2, Fmoc-Gffy-CK2 or Fmoc-Gffy-AP-CK2 
against cervical tumor. B Tumor size was measured over 13 days, showing growth trends for each mouse in the treatment groups. C Quantitative 
results of tumor weight excised at the end of the antitumor studies. D Tumors were harvested at day 13 to visually compare sizes across treatment 
groups. E Representative IHC images of tumor sections stained for Ki-67 and cleaved caspase-3. Scale bar in green, 100 μm. Scale bar in black, 
50 μm. F Positive tumor cells from random fields of each image were normalized against total tumor cells stained by hematoxylin

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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21]. In addition, the self-assembly of anti-tumor peptides 
form a slow-release system targeting the tumor micro-
environment. Fmoc is a protective group which protect 
peptides from acids [22]. Base on NRP1 targeting peptide 
CK2, we combined peptide Fmoc, Gffy, AP and CK2 to 
design an anti-tumor self-assembled nanoparticles Fmoc-
Gffy-AP-CK2 (Fig.  1E). AP-CK2 and Fmoc-Gffy-CK2 
were designed as a negative control. Fmoc-Gffy-AP-CK2 
nanoparticles, with positive potential 72.81 ± 3.19  mV 
(Fig. 1F), self-assemble into ~ 20 nm (Fig. 1G). The assem-
bled proteins appeared as toroid materials, with ultra-
structural morphometry (round shape and clear size 
populations) that confirmed the size range observed by 
dynamic light scattering (DLS) (Fig. 1H).

To determine if Fmoc-Gffy-AP-CK2 treatment would 
kill tumor cells, the cytotoxicity of AP-CK2, Fmoc-Gffy-
CK2 and Fmoc-Gffy-AP-CK2 were detected by CCK8. 
Surprisingly, AP-CK2 and Fmoc-Gffy-CK2 did not show 
any cytotoxic effect on tumor cells while all tumor cell 
lines showed different cell death in response to Fmoc-
Gffy-AP-CK2 (0.625–20  μM) (Fig.  2A, Figure  S1 and 
Table  1). Thus, Fmoc-Gffy-AP-CK2 exposure induced 
cell death in nasopharyngeal tumor, breast tumor, lung 
tumor, esophagus tumor, pancreatic tumor, liver tumor, 
stomach tumor and colorectal tumor cell lines.

CK2 self‑assembled peptide nanoparticles inhibit tumor 
cell proliferation
To address the effect of Fmoc-Gffy-AP-CK2 on tumor 
cell proliferation, we assessed the clone formation in S18 
and MDA-MB-231 cell lines exposing to AP-CK2, Fmoc-
Gffy-CK2 and Fmoc-Gffy-AP-CK2. We clearly observed 
decreased clone formation with Fmoc-Gffy-AP-CK2 
treatment by concentration dependent pathway (Fig. 2B-
D). Thus, Fmoc-Gffy-AP-CK2 might be a neotype tumor-
target cytotoxic agent.

CK2 self‑assembled peptide nanoparticles activate 
caspase3/GSDME‑mediated pyroptosis in tumor cells
The ability of Fmoc-Gffy-AP-CK2 to treat tumor cells 
in  vitro prompted us to ask the molecular mechanism 
of Fmoc-Gffy-AP-CK2 in anti-tumor. Intuitively, bub-
bles were forming on the surface of the cell within the 
treatment of Fmoc-Gffy-AP-CK2 (Fig.  3A). Assuredly, 

we inferred that Fmoc-Gffy-AP-CK2 induced tumor 
cell death by pyroptosis. Then we detected that the per-
centage of LDH release in the cells after treatment of 
AP-CK2, Fmoc-Gffy-CK2 and Fmoc-Gffy-AP-CK2. As 
expected, Fmoc-Gffy-AP-CK2 treatment promoted LDH 
release (Fig. 3B). In addition, we detected the activation 
of caspase3 and the cleaved situation of GSDME by west-
ern blot. Results indicated that Fmoc-Gffy-AP-CK2 acti-
vated caspase3 and then cleaved GSDME, resulting in 
pyroptosis of tumor cells (Fig. 3C and Figure S2). Finally, 
Annexin V/PI assay also showed cell pyroptosis with 
Fmoc-Gffy-AP-CK2 treatment (Fig.  3D). These results 
suggest that Fmoc-Gffy-AP-CK2 treatment may lead to 
tumor cell pyroptosis, contributing to tumor treatment.

CK2 self‑assembled peptide nanoparticles inhibit tumor 
growth in vivo
Owing to the excellent performance of Fmoc-Gffy-AP-
CK2 in the cellular research, nude BALB/c mice were 
used to investigated its antitumor effect in vivo. Follow-
ing establishment of the AP-CK2, Fmoc-Gffy-CK2 or 
Fmoc-Gffy-AP-CK2 treatment model, mice were treated 
with AP-CK2, Fmoc-Gffy-CK2 or Fmoc-Gffy-AP-CK2 
(100 μg/mouse, i.v.) on the other days after tumor grown 
to 100 mm3 (Fig.  4A). Fmoc-Gffy-AP-CK2 treatment 
resulted in reduction of tumor burden compared with 
PBS, AP-CK2 or Fmoc-Gffy-CK2 treatment (Fig. 4B-D). 
Moreover, Ki-67 and cleaved caspase-3 staining showed 
that Fmoc-Gffy-AP-CK2 treatment significantly inhib-
ited the proliferation of tumor cells and reduced the 
number of tumor cells (Fig. 4E and F). The cleaved cas-
pase-3 staining also indicated that Fmoc-Gffy-AP-CK2 
might kill tumor cells by pyroptosis in  vivo. The H&E 
staining revealed that the high selectivity of Fmoc-Gffy-
AP-CK2 towards cancer cells caused extensive tumor cell 
killing with reduced toxity towards surrounding healthy 
tissues (Figure S3).

Accumulating evidence shows that pyroptosis trig-
gers the inflammatory tumor microenvironment and 
enhances the efficacy of cancer immunotherapy [24, 25]. 
Given the high efficiency of Fmoc-Gffy-AP-CK2-medi-
ated pyroptosis, we exploited these nanoparticles com-
bined with PD-1 antibody for cancer therapy (Fig.  5A). 
Results showed that Fmoc-Gffy-AP-CK2 combined with 

(See figure on next page.)
Fig. 5  Immune response in vivo. A A schematic illustration of the treatment schedule for Fmoc-Gffy-AP-CK2 and/or PD-1 antibody administration 
in the breast tumor model. B Graph showing individual tumor growth curves (n = 5 for each therapeutic group) over a period of 13 days 
after the initiation of the treatment (day 1). ns: not significant; ***: p < 0.001. C Representative images of excised tumors from each treatment group 
at the end of the study. D Quantification of tumor weights in the 4T1 breast tumor model following treatment (n = 5 per group), demonstrating 
significant differences between groups. ns: not significant; **: p < 0.01; ***: p < 0.001. E Immunofluorescence analysis showing the proportion 
of tumor infiltrating CD3+ (green) and CD8.+ (red) T cells. (Magnification 100 ×)
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Fig. 5  (See legend on previous page.)
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PD-1 antibody therapy almost removed the 4T1 tumor 
(Fig. 5B and Figure S4A). Compared with PD-1 antibody, 
the efficacy of Fmoc-Gffy-AP-CK2 + PD-1 antibody was 
dramatically compromised in the tumor models (Fig. 5C-
D) without obviously body weight change (Figure S4B). 
The Fmoc-Gffy-AP-CK2 treatment promoted the num-
ber and function of tumor-infiltrating CD3+ and CD8+ 
T cells (Fig. 5E). Neither did we observe any changes in 
other organs (Figure S4C). Therefore, Fmoc-Gffy-AP-
CK2 elicited systemic antitumor immune response with 
no side effects due to highly NRP1 specific.

Discussion
The systemically administered chemotherapy for cancers 
exploits the cytotoxic activities of drugs. However, the 
lack of drug targeting induces severe side effects limiting 
the usable drug concentration, which remains insufficient 
to prevent cancer proliferation, recurrence and metasta-
sis [26–28]. Tumor-target drugs are concomitantly urge 
to enhance life quality and survival expectancy. A grow-
ing body of relevant evidence suggests that the expres-
sion of NRP1 has inevitably links it to cancer [29–31]. 
Studies have indicated that NRP1 is up-regulated in can-
cers at mRNA and protein levels [32, 33]. Likewise, the 
stimulated expression of NRP1 on the surface of cancer 
cells were conducted to test NRP1 as a therapeutic tar-
get. Our lab has been reported NRP1-targeting peptide 
identification of CK3 [16]. The CK3 peptide is well bind-
ing with NRP1 and showed an accumulating activity to 
cancer without other organs congestion, except for the 
metabolic kidney. For cancer chemotherapy, CK3 is still 
need to promote selective uptake of attached cargos. In 
this study, we identified that CK2, a shorter amino acid 
segment of CK3, is a stronger peptide for extracellular 
targeting in NRP1+ cells. The selectivity, stability and effi-
cacy of CK2 have been fully demonstrated in  vitro and 
in vivo, which were more outstanding than CK3 [23].

AP is a short peptide composed of tumor blood vessel 
“homing” motif and a programmed cell death-triggering 
sequence [19]. However, the targeting tumor cells and 
internalization activities of AP were limiting its usage. 
If such powerful pro-apoptotic peptide were coupled 
to a more powerful tumor targeting peptide that allow 
receptor-mediated internalization, the chimeric peptide 
may yield new cancer therapy agents. Thus, we designed 
NRP1-target self-assembled peptide nanoparticles com-
posed self-assembling domain Gffy and Fmoc, toxic 
domain AP, and tumor-targeting domain CK2. Nanopar-
ticles is optimal to promote the rate of uptake and inter-
cellular concentration on certain mammalian cells [34, 
35]. Our experiments firstly demonstrated that Fmoc-
Gffy-AP-CK2 could effectively induce pyroptosis, while 

western blotting studies revealed a mechanism of action 
involving a caspase3/GSDME signaling pathway. In addi-
tion, we note that Fmoc-Gffy-AP-CK2 displayed excel-
lent anti-tumor efficacy, as well as an ability to enhance 
immune response. IHC analyses of tumor tissues from 
Fmoc-Gffy-AP-CK2 treated mice demonstrated signifi-
cant upregulation of cleaved caspase-3, providing evi-
dence of peptide-induced pyroptosis in vivo. The toxicity 
of Fmoc-Gffy-AP-CK2 towards normal tissues almost 
could not be detected. However, the potential long-term 
toxicity, safe and biodegradation of our Fmoc-Gffy-AP-
CK2 needs to be comprehensively evaluated for further 
biomedical applications.

At present, we only detected the half-life of CK2 in sera 
from mice. More detailed pharmacokinetic data need to 
be characterized. While the study employs cell cultures 
to investigate the interaction between Fmoc-Gffy-AP-
CK2 and the mice immune system, these models might 
not fully replicate the complexity of human immune 
response. Translating these findings into effective thera-
pies presents significant challenges. The development 
of therapeutic agents targeting NPR1 or the caspase3/
GSDME pathway requires careful consideration of safety, 
specificity, and efficacy.

Conclusions
The peptide CK2, a ligand of NRP1, has been shown 
to be a powerful tag for targeting in NRP1 + cells, both 
in cultured cells and in  vivo. CK2 is able to fuse Fmoc, 
Gffy and AP as self-assembling nanoparticles (26 nm in 
mean diameter) for cancer therapy. Fmoc-Gffy-AP-CK2 
enhanced tumor immunotherapy by trigger cancer cell 
pyroptosis. Our experiments also indicate that Fmoc-
Gffy-AP-CK2 may effectively focus on caspase3/GSMDE 
to promote pyroptosis and evoke immune response. 
More interestingly, Fmoc-Gffy-AP-CK2 therapy achieves 
an effective inhibition on tumor growth combining with 
PD-1 antibody therapy, which could become a new strat-
egy for improving anti-tumor immune response.
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