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Object: High targeting and efficient cytotoxicity toward tumor cells endow NPs excellent 
anti-tumor activity. Herein, a peptide polymer possessing dual-targeting ability and double 
therapeutic activity was developed and named TGMF, which can form NPs through self- 
assembly. It is composed of four functional modules: 1) Active targeting peptide TMTP1 (T) 
deliver NPs to tumors specifically; 2) Therapeutic peptide GO-203 (G), which can signifi-
cantly inhibit tumor growth by disrupting the redox balance in cells; 3) A passively targeted 
enzyme-responsive peptide PLGLGA (M), which can be cleaved specifically by metallopro-
teinase-2 (MMP-2) highly expressed in the tumor microenvironment (TME); and 4) 
Hexadecyl (F), which has strong hydrophobicity, can promote the self-assembly of TGMF 
NPs.
Methods: Five modular peptide probes, namely, TGF, TMF, TGM, GMF, and TGMF were 
synthesized and self-assembled into NPs in solution. The characterization, enzyme reactivity, 
and cytotoxicity of NPs were evaluated in vitro, and the pharmacokinetics, bio-distribution, 
anti-tumor activity of NPs were investigated in vivo. In addition, transcriptome sequencing 
identified the intracellular signaling pathway-related genes involved in the anti-tumor effect 
of TGMF.
Results: Upon enzyme cleavage, two types of nanostructure, NPs and nanofibers (NFs), 
were detected under TEM. Moreover, the cytotoxicity and anti-invasion activity of TGMF 
against tumor cells used were strongest among the five modular probes examined in vitro. 
TGMF increased reactive oxygen species (ROS) levels in cytoplasm and produced numerous 
NFs in extracellular interval and intracellular space. Transcriptome sequencing revealed that 
TGMF caused 446 genes' down-regulation and 270 genes' up-regulation in HeLa cells. In 
vivo, TGMF has a good anti-tumor effect, effectively prolonging the survival time of HeLa- 
tumor-bearing mice without systemic side effects.
Conclusion: Integration of multiple functional modules into NPs could be a promising 
strategy for the future of nanomedicine design towards tumor treatment.
Keywords: modular peptide, nanofiber, anti-tumor, anti-metastasis, transcriptome 
sequencing

Introduction
Malignant tumors are recognized as one of the most challenging diseases to human 
health.1 Because of diversity, complexity, and heterogeneity, varieties of malignant 
tumors are not able to be thoroughly eliminated. Chemotherapy plays an important 
role in the initial treatment of tumors and subsequently controls the tumor growth at 
the following therapy stages. Inevitably, the poor selectivity and specificity of 
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chemotherapy induce quick drug-resistance and severe 
side effects, finally resulting in organ dysfunction and 
increased mortality of the patients.2–5 To achieve an effec-
tive treatment, self-assembled biomaterials based on pep-
tides which form the well-organized and flexible structures 
that enjoy multiple functions have recently attracted great 
interest. So far, varieties of peptide biomaterials have 
demonstrated a large number of functions.6–8 In particular, 
the peptide amphiphiles, peptide modules and peptide- 
conjugated vectors have been utilized as novel agents to 
construct supramolecular systems,6 nanomaterials7, and 
peptide-conjugated AIEgens,8 respectively, rendering the 
utilization of peptides for nanostructure development 
becoming a new trend in material design and morphologi-
cal control. In these materials, peptide-based nanoparticles 
(NPs) bring about numerous strategies that integrate multi-
ple therapeutic agents and achieve remarkable treatment 
effects.9–12 The ideal strategy, however, is that the NPs 
possess specific targeting and responsive abilities applied 
for improving enhanced permeability and retention (EPR) 
effects and leasing the biocomponents under stimulation. 
Otherwise, peptide NP locating tumor cells difficultly or 
enabling poor tumor-specific reactions, the cellular func-
tions of individual agents could be compromised and 
induce therapeutic effect unfulfilled.

Tumor cells exist in a particular tumor microenviron-
ment (TME), gradually evolve into a complicated biologi-
cal microstructure, and finally develop into a group of 
abnormal tissues. TME displays unique characteristics 
via unique metabolism and usually features over- 
production of specific enzymes, such as matrix metallo-
proteinase-2 (MMP-2), which plays a significant role in 
proteolytically activating TGF-β for the cancer 
metastasis.13,14 Such characteristics of TME could be 
extensively utilized for the responsive strategy of suppres-
sing the undesired leakage in the normal conditions and 
consequent releasing the drug under stimulation in cancer 
cells, resulting in an accurate temporal and spatial cargo 
delivery.15,16 On the other hand, peptide biomaterials 
owned high specific recognition of cancer cells has great 
significance in improving the efficiency of cancer therapy. 
Attaching the specific-targeting peptide sequences to the 
NPs are able to transform them into versatile vessels with 
high specificity and sensitivity to cancer cells.17–19 In view 
of this, NPs that combine the superiorities of responsive 
and targeting peptide modules and exhibit synergistic and 
complementary benefits are urgently needed.

Besides, peptide’s functions are based on the specific 
tumor cell binding and can select enzyme interaction in 
TME, groups of peptide drugs with highly efficient ther-
apy have also been frequently reported in the last few 
years.20–22 In comparison with the traditional chemother-
apy and novel gene/photodynamic therapy, the therapeutic 
peptide is able to address unsatisfied medical needs in 
clinical trials and be selected as a prominent complemen-
tary treatment, as well as a preferable alternative to biolo-
gical and chemo therapies. Recently, several inhibitor 
peptides were integrated into peptide-based NPs and 
demonstrated exciting suppressive effects on tumor growth 
and metastasis. For example, the peptide GO-203 in tetra-
block NPs was reported to target the intracellular MUC1-C 
oncoprotein for decreasing the survival of cancer cells 
in vitro and inhibiting tumor growth in vivo.23,24 

Developing peptide-based drugs becomes a popular trend 
and provided a novel perspective in the tumor therapeutic 
area. Moreover, a nanofiber network was also introduced 
to construct compositional complexity through self- 
assembly and engineer heterogeneous cell microenviron-
ments, which led to TME reconstruction or even apoptosis 
of tumor cells.25,26

Inspired by the peptide drugs' strategy, we developed 
a self-assembled nanoparticle TGMF based on peptide mate-
rials for combinational specific tumor targeting and thera-
peutic peptide delivery.19,27,28 The TGMF consisted of four 
multifunctional modules: peptide TMTP1 (T), PLGLGA 
(M), GO-203 (G) and hydrophobic tail Hexadecyl (F) 
(Scheme 1). First, TMTP1 peptide exhibited excellent tar-
geting properties for malignant tumor cells29–31 and was 
then employed to construct peptide NPs for differentiating 
normal and tumor cells. Second, the peptide module 
PLGLGA was able to exclusively interact with high- 
expressed MMP-2 in TME, as a result of the cleavage via 
enzymic digestion and the subsequent release of therapeutic 
residue in real-time. More importantly, GO-203 could serve 
as a peptide drug to block intracellular Mucin 1 (MUC1) 
function and significantly inhibit the survival of cancer cells 
both in vitro and in vivo,23,24 providing an efficient treat-
ment for tumor therapy. Finally, the Hexadecyl (F), which 
encapsulated in the hydrophobic core of NPs by the self- 
assembly, rendered the nanofibers (NFs) available under 
MMP-2 cleavage and hence induced cellular apoptosis in 
tumors.25,26 By virtue of such a rational design, this novel 
self-assembled peptide NPs was generated by introducing 
specific tumor-targeting and TME responsive peptides,32,33 

and provided an advanced peptide drug for ovarian cancer 
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treatment. In the end, transcriptome sequencing was con-
ducted to identify involved genes in the signaling pathways 
of therapeutic actions.

Materials and Methods
Synthesis and Characterization of 
Modular Probe
Five modular peptide probe (TGF, TMF, TGM, GMF, and 
TGMF) derived from diverse combinations of four modules 
including TMTP1 (T), GO-203 (G), MMP-2 cleavage pep-
tide (M) and Hexadecyl (F) were synthesized by 
a biochemistry company (GL Biochem (Shanghai) Ltd., 
purity 95%). For self-assembly observation, TGMF was 
dissolved in PBS at a concentration of 200 μM and stood 
for 30 minutes at room temperature. The sample was stained 
with 0.3% phosphotungstic acid solution and observed on 
a transmission electron microscope (TEM, FEI Tecnai G2 
12 TEM instrument) with an accelerating voltage of 100 kV.

TGMF Cleavage by MMP-2
MMP-2 enzyme was activated by 4-aminophenylmercuric 
acetate (APMA) before used for the enzyme-responded 
test. APMA (2.5 mM) and MMP-2 (5 μg) were both 
added into 50 mM Tris-HCl solution and then the solute 
was incubated at 37 °C for 2 h. After that, activated MMP- 
2 was used to cleave TMF, TGM, GMF, and TGMF at 

37 °C. Target molecules were identified by high-resolution 
mass spectra (HRMS) on a Bruker micrOTOF II mass 
spectrometer system under MALDI-TOF mode.

Cell Culture
Five cancer cell lines including SKOV-3, A375, HeLa, PC3 
and A549 were used in this study and all the cell lines were 
purchased from the National Infrastructure of Cell Line 
Resource (China). Cells were incubated with the proper 
medium as recommended by the provider (http://www.cellre 
source.cn/) in a humidified incubator with 5% CO2 at 37 °C.

ELISA Assay
After 24 hours, cell culture supernatant was collected for 
protein quantification without dilution. MMP-2 was quan-
tified using a Human MMP-2-specific ELISA kit 
(EK1M02-96, Multi Science, China) according to the 
manufacturer’s recommendations.

Western Blot
Whole protein was extracted by lysis buffer and denatured 
through heating at 100 °C for 5 min. Protein concentration 
in the supernatant was quantified by a BCA Protein Assay 
Reagent kit (Pro.23228, Thermo Fisher Scientific, USA). 
Dodecyl sulfate-polyacrylamide electrophoresis was con-
ducted with 20 μg total protein loaded in each well. After 
electrophoresis, separated proteins were transferred to 

Scheme 1 Schematic of the molecular composition and anti-tumor mechanism of TGMF. (A) TGMF is composited of four modules: a TMTP1 peptide (T), a GO-203 (G), 
a hexapeptide (M) and a hexadecyl chain (F). (B) Proposed process and mechanism of TGMF anti-tumor effect.
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a nitrocellulose membrane (Millipore, Italy) in buffer. 
Following primary antibody (MUC1, Proteintech, 19976- 
1-AP, China; XPNPEP2, GeneTex, GTX109995, Irvine, 
CA, USA) and secondary antibody (Proteintech, 10230- 
1-AP, China) incubation, target protein bands were 
detected by an enhanced chemiluminescence kit 
(NCI5079, Thermo Fisher).

Cytotoxicity Assay
About 1 × 105 cells were seeded per well in 96-well plates 
for viability assay. After overnight culture at 37°C, cells 
were treated with PBS, TGM, TGF, TMF, GMF or TGMF 
(20 μM), respectively, following a further 24 hours culture. 
Then the media was changed with fresh culture media and 
cell viability was evaluated by Cell Counting Kit-8 (CCK- 
8) system.

Transwell Assay
HeLa cells were digested and suspended in a serum-free 
medium at 106 cells/mL. Cell suspension (100 μL) was 
added to the upper chamber (Corning, 8 μm pore) pre- 
coated with Matrigel (BD, 356234) that then was put into 
the lower chamber loaded with 600 μL NPs-concocted 
medium (20 μM). The chambers were put in an incubator 
for 24 hours. Cells on the upper side of the polycarbonate 
film were removed. After PBS washing, the upper cham-
ber was immersed in methanol for 30 min and 0.1% 
crystal violet for 20 min. The film was observed under 
the microscope when air-dried and cells adhering on its 
surface were counted.

Reactive Oxygen Species Measurement
After overnight culture at 37°C, HeLa cells were treated 
with PBS, TGM, TGF, TMF, GMF or TGMF (20 μM), 
respectively, following another 24 hour culture. Changes 
of intracellular ROS level were detected using a specified 
kit (S0033 Beyotime, China). Cells were incubated for 
30 min with 10 μM DCFH-DA at 37 °C. After PBS wash-
ing, the fluorescence of oxidized DCF was measured at an 
excitation of 488 nm and an emission of 525 nm.

Anti-Tumor Study in vivo
This study was approved by the Animal Ethics Committee 
of Tongji Hospital, Huazhong University of Science & 
Technology and institutional guidelines for proper usage 
of research animals were followed. To establish the xeno-
graft model, 6-week-old female BALB/c nude mice were 
inoculated subcutaneously into the left flank with 

approximately 1 × 107 HeLa cells. When the tumor grew 
to 50 mm3, all tumor-bearing mice were randomly divided 
into 6 groups: PBS, TGM, TMF, TGF, GMF, and TGMF. 
Mice were injected PBS, TGF, TGF, TMF, GMF and 
TGMF (200 µM, 100 μL) via tail vein, respectively. 
Tumor size was calculated through the formula: tumor 
volume = length × width × width/2. The mice unless 
died were continuously monitored until 60 days after cell 
inoculation and then were sacrificed. Organs and tumors 
were collected immediately after death or killing in 4% 
formaldehyde solution for a histopathology examination.

Histopathology
Harvested organs and tumors were fixed in 4% parafor-
maldehyde solution 24 hours. After regular dehydration 
with graded ethanol and vitrification with dimethylben-
zene, tissue blocks were embedded in paraffin and subse-
quently sectioned at 5 µm thickness. Slides were stained 
with hematoxylin and eosin (HE) and sealed with resin. 
Sections were carefully observed and photographed under 
a white-light microscope equipped with a camera.

TUNEL Assay
Apoptosis was analyzed using a One Step TUNEL kit 
(C1086, Beyotime, China).Slides were in turn treated 
with Xylene, ethyl alcohol, and distilled water. Protease 
K solution (20 µg/mL) free from DNase was dropped on 
each slide for 20 min incubation. Then we washed slides 
with PBS and added 50 µL TUNEL liquid that containing 
Terminal Deoxynucleotidyl Transferase (TdT) and FITC- 
labeled dUTP to each well. All the sections were kept in 
dark for an additional 60 min at room temperature and 
then washed twice with PBS solution. Green fluorescence 
indicated cell apoptosis at excitation wavelength 488 nm 
and emission wavelength 525 nm.

Next Generation RNA Sequencing 
Analysis
Briefly, Total RNA was isolated from cell lysate and 
checked for quality, quantity, purity and integrity with 
appropriate methods. Then the mRNA was enriched by 
Oligo(dT) magnetic beads and fragmented in a proper 
buffer. Using the mRNA as templates, first-strand cDNA 
was synthesized in the presence of random hexamers and 
then the second-strand cDNA was produced with the addi-
tion of specified regents. After purification, the cDNA 
collect received ends repair, dA-tailing, adaptor ligation, 
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and fragment size selection. The rest of each sample was 
amplified by PCR and loaded on an Illumina HiSeq 2500 
platform for sequencing with a 2 × 150 bp paired-end (PE) 
configuration according to the manufacturer’s instructions. 
Original image signals were converted to sequenced reads 
by base calling procedure and saved in fastq format. 
Technical sequences were filtered and the quality of 
clean data was checked. The clean reads were aligned to 
the human reference genome assembly using Hisat2. The 
FeatureCounts Software was used to estimate the relative 
abundance and distribution of gene expression for each 
sample. Differential expressions of genes were analyzed 
by edgeR with adjusted P-value sated < 0.05 and | 
log2FoldChange| >1 and visualized as heatmap and volca-
nomap. Enrichment of functions and signaling pathways of 
the differential expression genes were also processed by 
edgeR based on the Gene Ontology (GO, p < 0.05) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG, FDR 
< 0.05) database.

Statistical Analysis
All results were presented as Mean ± SD from at least 
three independent experiments. Statistical differences were 
examined using Student’s t-test or one-way ANOVA test. 
* p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant.

Results and Discussion
Preparation and Characterization of NPs
In order to verify the function of different peptide mod-
ules, both TGMF and four control peptide backbone GMF 
(without TMTP1 module), TGF (without MMP-2 cleavage 
module), TGM (without fiber unit), and TMF (without 
GO-203 module) were designed and synthesized 
(Scheme 1A; Figure S1). All the products were confirmed 
by HRMS (Figures S2-S6). Except for TMF, the zeta 
potential of other products (TGMF, GMF, TGM and 
TGF) is about 30 mV (Figure S7). Through the hydro-
phobic interaction, TGMF formed stable NPs in aqueous 
solution, and the particle size was about 300 nm (Figures 
S8 and S9). Based on our design, the enzyme-responsive 
peptide PLGLAG was selectively cleaved by the cancer- 
associated protease MMP-2, which played an important 
role in regulating the morphology of NFs by MMP-2 
cleavage as well as facilitating the peptide drug GO-203 
release process. As shown in Figure 1A-D, except TGF, 
the other four peptide skeletons could be successfully 
separated into two fragments upon MMP-2 cleavage, and 

resultant peptide residues were further confirmed by 
HRMS. It was further confirmed by high performance 
liquid chromatography (HPLC) that TGMF was cleaved 
by MMP-2, and its cleavage efficiency reached 90.8% 
(Figure S10). More importantly, NPs were formed via 
the self-assembly of amphiphilic TGMF in solution and 
observed on the transmission electron microscope (TEM) 
(Figure 1E). After MMP-2 digestion in solutions, two 
different types of nanostructure, NPs (Figure 1F, Left) 
and NFs (Figure 1F, Right), were demonstrated by TEM. 
At the same time, we monitored the change of TGMF 
particle size before and after MMP-2 treatment by DLS 
(Figure S11). The average particle size of TGMF NPs is 
274.2 nm and PDI is 0.195 (Figure S11A). After MMP-2 
treatment, the average particle size of TGMF increased to 
343.2 nm, while PDI was 0.529, which may be due to the 
formation of NFs, resulting in uneven particle size (Figure 
S11B). As can be seen from Figure 1F, MMP-2 cleavage 
resulted in a smaller NPs and a large number of NFs, 
suggesting the efficient protease-responsive strategy 
depends on MMP-2 digestion.

TGMF Inhibits Tumor Cell Viability and 
Invasion in vitro
Based on the design rationale, the therapeutic responses of 
TGMF was established by the release of peptide modules 
before and after the interaction with protease in tumor 
cells. As a result, the different levels of proteases in 
TME were examined in this section. First, XENPEP2 is 
an important protease distributed on the cell membrane 
and served as a binding receptor for TMTP1.34 The 
expression of XENPEP2 was associated with the different 
cell lines, among which two highest levels were discov-
ered by A375 and HeLa cells (Figure 2A). Second, 
because of the significant role of MMP-2 in tumor metas-
tasis, their concentrations were determined in culture med-
ium among SKOV-3, A375, HeLa, PC3, and A549 cells. 
Our data showed that MMP-2 was highly expressed by 
SKOV-3, A375 and HeLa cell, and exhibited fairly low 
concentrations in PC3, and A549 cells (Figure 2B). On the 
other hand, the reported literature proved that GO-203 was 
able to compromise the redox balance in cells and hence 
used to induce apoptosis.23,24 Investigated as the intracel-
lular target of GO-203, Mucin-1 (MUC1) functioned 
a pivotal role in preventing cellular apoptosis and promot-
ing tumor invasion, and its expression was recognized as 
a key feature of the tumor therapy treated with TGMF. 
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Therefore, we explored the expression of MUC1 in 
SKOV-3, A375, HeLa, PC3, and A549 cell lines by 
Western blotting and found that MUC1 was widely exist-
ing in all five cells (Figure 2C), suggestive of the MUC1’s 

occurrence. Moreover, to understand the therapeutic 
effects of NPs, cell viabilities were quantified by using 
the CCK-8 assay. As a negative control, PBS did not affect 
cell viability (Figure 2D). However, many viable tumor 

Figure 1 MMP-2 cleavage. In the presence of MMP-2, molecules containing M module including TGMF (A), GMF (B), TMF (C) and TGM (D) were successfully cleaved into 
two pieces, which was confirmed by HRMS. In aqueous solution, TGMF self-assembled into NPs that could be verified on TEM (E). Upon MMP-2 cleavage, two types of 
nanostructure, NPs (F, Left) and NFs (F, Right), were detected under TEM.
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cells were presenting when treated with TGM, which 
indicated that therapy efficiency kept weak in the presence 
of peptide drug GO-203 (Figure 2E). When constructed 
without peptide drug GO-203, TMF exhibited a lower 
background cell viability than that of TGM group 
(Figure 2E and G), implying that fiber units played 
a paramount role in inducing cellular apoptosis. When 
without MMP-2 responsive module in TGF, cleavage 
was completely inhibited to impede the self-assembly of 
NFs and monofunctional TGF led to an increased tumor 

cell amount and resulted in compromised cellular therapy 
(Figure 2F). More importantly, employing the MMP- 
2-cleavable site in GMF increased tumor therapies and 
consequently led to a significant decrease in cell viability 
(Figure 2H). In a comparison of TGM, TGF and TMF 
groups, the GMF held an MMP-2 cleavage peptide module 
as well as peptide drug and fiber units, and could impose 
more effective suppression on tumor cell growth (Figure 
2E–H). Such a difference could be ascribed to increased 
cell growth inhibition by releasing active peptide GO-203 

Figure 2 TGMF inhibits tumor cell viability and invasion. (A) XPNPEP2 expresses in SKOV-3, A375, HeLa, PC3 and A549 cell lines. (B) Elisa was used to detect the relative 
expression of MMP-2 in the culture medium of SKOV-3, A375, HeLa, PC3 and A549 cell lines. (C) Western blot was used to detect the expression of MUC1 in SKOV-3, 
A375, HeLa, PC3 and A549 cell lines. The effect of PBS (D) or TGF (E), TMF (F), TGM (G), GMF (H) and TGMF (I) on cell viability tested by CCK-8 assay. (J) The invasion 
ability of HeLa cells treated with PBS, TGM, TGF, TMF, GMF and TGMF was detected by transwell assay. (K) Compared to PBS, TGF, TMF, GMF and TGMF rather than TGM 
significantly restrained the migration of Hela cells and TGMF suppressed cell movement most significantly. Data were presented as the mean ± SD (n =3) and analyzed by 
two-sided Student’s t-test. * p <0.05, ** p <0.01 *** p <0.001.
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and free aggregated NFs, which was critical to cell death. 
The integration of all peptide modules into NPs was 
undoubtedly a most powerful combination, which gave 
the weakest cell viability in all cell lines and opened up 
a novel avenue to the efficient theragnostic biomaterials 
design (Figure 2I). In addition, we also calculated the 
synergistic effect of GO-203 and NFs in vitro.35,36 

According to the therapeutic doses of TGMF (GO-203 + 
NFs), TGM (GO-203) and TMF (NFs), we calculated the 
combination index (CI) of GO-203 and NFs to be 0.72, 
which means that there is a synergistic effect between GO- 
203 and NFs. Tumor progression is a unique phase in 
tumor development feature with cell invasive growth and 
metastasis.37 Since inhibition of invasive growth is of 
great importance in maintaining therapy efficacy, the NPs 
defense against invasion growth of tumor cells was 
assessed by using transwell assay. As elicited in Figure 
2J and K, HeLa cells were used, and the results were much 
consistent with cell viability analysis. A large number of 
invasive cells were observed in the PBS control group and 
TGM group, suggestive of a very weak inhibition effect of 
TGM on cells invasion. The invasive cells gradually van-
ished under treatment of TGF, TMF, and GMF, and 
reached the smallest quantity by using TGMF (Figure 2J 
and K), implying that TGMF possessed a stronginhibiting 
ability of the HeLa cell invasion. When in the absence of 

an MMP-2 responsive module in TGF, the release of fiber 
units was restricted, which generated inadequate NFs and 
led to an inefficient inhibition of tumor cell invasion 
(Figure 2J and K). In this vein, TGMF, not monofunctional 
TGF, was able to aggregate into NFs to inhibit tumor cell 
growth and effectively prevent cellular invasion.

ROS Process and NFs Release Profile of 
TGMF in vitro
The previous findings demonstrated that MUC1-C is one of the 
druggable targets, and inhibition of the MUC1-C subunit was 
able to block its oncogenic function with aim of inducing cell 
death.38 The GO-203 peptide was initially designed to selec-
tively silence the MUC1-C function and consequently reduce 
the levels of glutathione (GSH), resulting in an increased 
amount of ROS. In this vein, cellular redox balance was dis-
turbed, which damaged cell membrane integrity and caused 
cell elimination.23,24 As shown in Figure 3, bright green fluor-
escence (DCF) in Hela cells were generated under TGF, GMF, 
TGM, and TGMF treatment, indicating an overexpressed ROS 
level in cytoplasm, while no DCF signal detected in PBS and 
TMF treated cells. The NPs integrate GO-203 peptide selec-
tively targeted MUC1-C and contributed to ROS generation 
which affected cell behaviors and amplified antitumor efficacy. 
In addition, because GO-203 peptide is rich in arginine, this 
structure may be able to enhance the penetration effect of NPs, 

Figure 3 ROS measurement and derived NFs in vitro. In Hela cells, TGF, GMF, TGM and TGMF, but not PBS and TMF, treatment generated bright green fluorescence in 
cytoplasm indicating massive increase of intracellular ROS.
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thus enhancing the therapeutic effect.37,39,40 On the other hand, 
Bio-TEM images offered direct information for the under-
standing of nanofiber-involved cellular morphology change. 
Numerous NFs were generated in the extracellular interval and 
intracellular space (Figure 4A and B). Because of the highly 
accumulated MMP-2 in TME,41 TGMF was cut off to release 
fiber fragments and thus self-assemble into NFs around and 
within the tumor cells, which inhibited tumor cell migration as 
well as destroyed the intracellular structure.42–45 The combina-
tion of GO-203 module and fiber units through MMP-2 clea-
vable site could readily afford TGMF blocks the MUC1-C 

function and generates NFs. Such a strategy was able to 
decrease GSH concentrations and consequently disturb cellu-
lar redox balance, and for another, provide sufficient self- 
assembled NFs that retard tumor cell metastasis and interfere 
with the intracellular structure.

Transcriptome Sequencing Reveals the 
Gene Involved in TGMF Treatment
In order to elucidate the TGMF therapeutic pathway, the 
transcriptome sequencing was employed to detect the 
mRNA expression in HeLa cells under TGMF treatment. 

Figure 4 The NFs were detected by TEM. Numerous NFs could be detected whether in intracellular (A) or extracellular (B) in vitro. Red arrows indicate NFs.
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Six samples from the TGMF group and three samples 
from the PBS group were parallelly used to unveil their 
genetic information. First, to assess the overall difference 
of gene expression level between two groups and evaluate 
sample repeatability within a group, we performed PCA 
analysis within tested samples and observed two distinct 
subpopulations, which generally reflected the separate 
source of samples and satisfactory repeatability within 
a group (Figure 5A). The samples from the TGMF group 
and PBS group were analyzed by PCA analysis with 74.2 
to 76.4% results located in coding sequence regions 
(CDS), among which 96.17 to 99.6% genetic mapping 
rate was achieved in the reference genome, suggestive of 
a high-performance probing. To authenticate genetic tar-
gets of TGMF intervention, gene expression in two groups 
was analyzed and compared at the transcription level, 
which was distributed on a volcano plot (Figure 5B). 
Genes with a fold change of log2 transformed FPKM 
> 1.0 were designated as differential expression genes 
(DEGs) (Figure 5B). Then, we further characterized 
DEGs with a thermogram. The results showed that 
TGMF caused 446 genes' down-regulation and 270 
genes' up-regulation compared with the PBS group 
(Figure 5C). Although the therapeutic effects of TGMF 
could be ascribed to the redox balance disruption and cell 
migration inhibition, the important roles of TGMF in 
regulating gene functions remained to be explored during 
the treatment. Hence, the gene-involved signal pathways 
were analyzed by the Kyoto Encyclopedia of Genes and 
Genomes (KEGG), and DEGs were categorized into the 
different top 19 signal pathways (Figure 5D). Among 
them, over 20 genes were involved in the metabolic path-
ways, presenting the most gene counts in the up-regulated 
process (Figure 5D). On the contrary, the genes in down- 
regulated signal pathways were widely distributed, such as 
Tight junction, Ras/Rap1 signaling pathway, and pathways 
in cancer (Figure 5D), implying a comprehensive cellular 
response under TGMP treatment against tumor cells. Wnt 
family member 1 (WNT1) is a protein coding gene, and its 
decreased expression can promote tumor cell apoptosis 
and inhibit tumor invasion. Interestingly, our transcriptome 
sequencing showed a significant decrease in WNT1 
expression in HeLa cells treated with TGMF (Figure S7). 
In fact, regulation of gene expression is one of the princi-
pal approaches of pharmacotherapeutics. In this respect, 
our data provided deep insight for understanding potential 
mechanisms for the detrimental effect of TGMF on 
tumors.

Therapeutic Efficiency of TGMF in vivo
To investigate the therapeutic efficiency of TGMF in vivo, 
we established subcutaneous HeLa tumor xenografts. As 
shown in Figure 6A–G, in comparison with other groups, 
the tumor volumes in HeLa subcutaneous tumor models 
were significantly suppressed by treating TGMF for 38 
days (p < 0.001, Figure 6G). While TGM, TGF, TMF, 
and GMF were slightly or slowly active in restraint of the 
tumor growth (Figure 6B-5G), suggestive of the effective 
tumor inhibition required the conjugation of four modules 
(T, G, M, and F) into NPs. Moreover, compared with other 
groups, employing TGMF was the most effective way to 
increase the survival rate of HeLa tumor models ((p < 
0.001, Figure 6H), which was calculated to be almost 
40% under 60 days' treatment, confirming the synergistic 
combination effect of TGMF on HeLa tumor models 
through controlling tumor metastasis and inhibiting 
tumor viability.

The Anti-Tumor Effects of TGMF in vivo
To understand the therapeutic mechanism of TGMF, the mor-
phological changes during HeLa cell apoptosis were investi-
gated by using the HE staining analysis. As shown in Figure 
7A, a large number of necrotic cells were presenting when 
treated with TGMF and GMF group, while only a few necrotic 
cells existing under treatment by TGM, TGF, TMF, and PBS, 
which indicated that a combination of targeting and dual 
therapeutic modules was the most effective way to induce 
HeLa cell death. Then the tumor tissues were stained with 
TUNEL and the concentration of positive TUNEL cells after 
culturing with TMGF were much stronger than that in the other 
6 groups (Figure 7B). Obviously, TGMF finally resulted in the 
highest ratio of apoptosis tumor cells. Next, the antitumor 
effect was further evaluated by investigating the aggregated 
NFs in vivo, a large number of NFs were observed in TMF and 
TGMF groups (Figure 7C, the black arrow is the cell mem-
brane, and the red arrow is the NFs), while in the TGM and 
PBS group no obvious fabrication of NFs between the treated 
and control groups was observed, which was ascribed to the 
loss of fiber module. On the other hand, inadequate NFs were 
provided by TGF treated groups. Because of the absence of an 
MMP-2-cleavable site, TGF was unable to generate sufficient 
free fiber molecules as well self-assembly of NFs in tumor 
cells. Similarly, without targeting modules, GMF provided 
a weak targeted recognition of tumors and consequently 
released few NFs among tumor cells. We believed that highly 
efficient therapy of tumors was achieved by conjugating four 
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Figure 5 (A) PCA of the transcriptome of RNA-seq data from HeLa cells with PBS or TGMF treatment. (B) Volcano plot of the transcriptome of RNA-seq data from HeLa 
cells with PBS or TGMF treatment. (C) Differential gene expression heat maps for RNA-seq data of HeLa cell treated with PBS or TGMF. (D) The top 19 pathway terms 
enriching DEGs in Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.
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modules in the peptide skeleton to generate sufficient GO-203 
and NFs. In the previous transcriptome sequencing results, 
TGMF may promote tumor death and inhibit its invasion and 
metastasis by inhibiting WNT1 expression (Figure S12). 
Herein, the IHC staining was employed to explore the expres-
sion of WNT-1 (Figure 7D) in tumors during treatment. The 
IHC staining of WNT1 in PBS, TGM, TMF, TGF, and GMF 
treated cells was stronger than that of TGMF, which indicated 
that TGMF did down-regulate WNT1 expression in HeLa cells 
and exert its anti-tumor function.46 The above results show that 
TGMF can achieve an anti-tumor effect through the WNT1 
pathway.

Minimal Side Effects of TGMF in vivo
The toxicity of TGMF to multiple organs was evaluated by 
staining with HE. As a result, the pathological changes of 

heart, lung, liver, spleen and kidney were not observed in all 
groups (Figure 8A). Aspartate (AST) levels validated that 
TGMF was not involved to influence the normal liver 
function (Figure 8B). Together with unchanged levels of 
glucose (GLU) (pancreas, Figure 8C) and creatinine (CRE) 
(kidney, Figure 8D), the results verified limited side effect 
of TGMF on different organs and rendered a reliable bio-
material to treat the fatal tumors in vivo. Meanwhile, dif-
ferent blood cells, such as blood cells (WBC) (Figure 8E), 
red blood cells (RBC) (Figure 8F), and platelets (PLT) 
(Figure 8G), were also monitored to investigate the effect 
of TGMF on their concentration in volume. It was found 
that there was no significant reduction of all kinds of blood 
cells in the treatment, implying the restricted side effect of 
TMGF on blood cells. Undoubtedly, the low toxicity and 
minimal side effects made TGMF promising for efficient 

Figure 6 Individual tumor growth curve of each Hela tumor-bearing mouse in PBS (A), TGM (B), TMF (C), TGF (D), GMF (E) and TGMF (F) groups. (G) Tumor growth 
curves of groups and comparisons among groups. Data were presented as the mean ± SD (n =10) and analyzed by two-sided Student’s t-test. *** p <0.001. (H) Survival 
curves of tumor-bearing mice treated with PBS, TGM, TMF, TGF, GMF and TGMF respectively. The data were analyzed by two-sided Log rank test. *** p< 0.001.
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therapeutic biomaterials and served as a valuable clue for 
the molecular design of tumor cell-selective theragnos-
tic NPs.

Conclusion
Creating a reliable strategy for delivery of the peptide drug 
and fiber units and reducing side effects in pursuit of 
improved treatment rate of tumors remains a challenge. In 
this vein, we constructed a peptide skeleton containing four 
modules and obtained TGMF NPs by the self-assembly. The 
TGMF was delivered into the tumor sites via TMTP1 active 
targeting, and the high concentration of MMP-2 in TME 
facilitated a cleavage of MMP-2 responsive linkin the pep-
tide chain, which broke the bond to generate active peptide 

drug GO-203 and nanofiber precursors. Nevertheless, limited 
MMP-2 in normal tissues and organs only initiated 
a cleavage in a low concentration region to prevent the 
corresponding side effects. The therapeutic studies in HeLa 
cells have demonstrated the synergistic effect upon redox 
balance disruption and NFs-involved cellular structure inter-
ference. In HeLa tumor models, TGMF specifically enriched 
in the tumor sites after intravenous injection and significantly 
inhibited the tumor growth. The cell enzymic expression 
further validated that TGMF promoted cellular apoptosis 
through down-regulation of WTN1 levels. Moreover, differ-
ent index and blood cell expression proved the limited side 
effect of TGMF to the key organs during therapy. These 
results indicated a versatile biomaterial co-loading peptide 

Figure 7 (A) He staining was used to detect the morphological changes of HeLa tumor after receiving PBS, TGM, TMF, TGF, GMF and TGMF treatment. (B) TUNEL staining 
was used to detect the proportion of apoptotic cells in HeLa tumor after receiving PBS, TGM, TMF, TGF, GMF and TGMF treatment. (C) The presence of NFS in HeLa 
tumor cells was detected by bio-TEM (the black arrow is cell membrane, and the red arrow is NFs). (D) The expression of WNT1 in HeLa tumor was detected by IHC 
staining.
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drug and fiber precursors for efficient tumor therapy, and an 
advanced design for the future development of therapeutic 

reagents based on peptide biomaterials with minimal side 
effects.

Figure 8 (A) Histological changes of organs including heart, lung, liver, spleen and kidney were observed by HE staining after PBS, TGM, TGF, TMF, GMF and TGMF 
interventions. Biochemical markers in blood including alanine aminotransferase (B), glucose (C) and creatinine (D) were examined. Blood cells including white cell (E), red 
cell (F) and platelet (G) were also tested. Data were presented as the mean ± SD (n =3).
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