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In tumor treatment, the highly disordered vascular system and lack of accumulation of chemotherapeutic drugs
in tumors severely limit the therapeutic role of nanocarriers. Smaller drug-containing nanoparticles (NPs) can
better penetrate the tumor but are easily removed, which severely limits the tumor-killing properties of the drug.
The chemotherapeutic medication doxorubicin (DOX) is highly toxic to the heart, but this toxicity can be
effectively mitigated and the combined anticancer effect can be enhanced by clinically incorporating curcumin
(CUR) as part of the dual therapy. We designed a small-molecule peptide, Pepl, containing a targeting peptide
(CREKA) and a pH-responsive moiety. These NPs can target the blood vessels in tumor microthrombi and un-
dergo a morphological shift in the tumor microenvironment. This process enhances the penetration and accu-
mulation of drugs, ultimately improving the effectiveness of cancer treatment. In vitro and in vivo experiments
demonstrated that this morphological transformation allowed rapid and effective drug release into tumors, the
effective inhibition of tumor angiogenesis, and the promotion of tumor cell apoptosis, thus effectively killing
tumor cells. Our findings provide a novel and simple approach to nhibit the growth and metastasis of hepato-
cellular carcinoma.

antitumor effects [7-14]. Therefore, one possibility for solving the
above problem is to design a spherical drug-loaded system that un-

1. Introduction

Hepatocellular carcinoma (HCC) is of concern for its high incidence
and mortality worldwide [1]. Chemotherapy is the main modality of
HCC treatment [2]. Rapid drug clearance is one of the factors that limits
the effectiveness of current anticancer drugs [3]. Despite the efforts of
scientists in developing nanodrug delivery systems to mitigate the
harmful impacts of chemotherapeutic medications and enable drug
penetration through the distinctive enhanced permeability and reten-
tion (EPR) effect of nanodrug carriers [4,5], attaining heightened drug
accumulation and successful tumor suppression remains a challenging
task. The drug-loaded systems self-assemble into small nanospheres that
are more readily absorbed by tumors [6]. The duration of nanocarriers
in tumors can be prolonged by morphological transition to a high aspect
ratio, further extending the drug action time and achieving better
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dergoes a morphological transformation to a high aspect ratio after
reaching the tumor site. Primary structural alterations under the action
of plasma amine oxidase (PAO) [15] or alkaline phosphatase (ALP) [16]
reduce the intermolecular electrostatic repulsion, and the self-assembled
peptides are transformed from spherical nanoparticles to nanofibers.
Moreover, the tumor microenvironment is slightly acidic [17-19]. After
drug-loaded peptides reach the tumor site, the electrostatic repulsion
between peptide molecules decreases with decreasing solution pH,
which is also expected to induce a morphological transformation. Yang
et al. constructed a novel nanosystem of multitransformable MSNs@GO
for the efficient loading and delivery of doxorubicin (DOX), in which the
nanocarriers can achieve charge reversal and size reduction through
acid-cleavable dynamic boronate bonds in an acidic microenvironment
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Fig. 1. Novel NPs of DC/Pep1 for Cancer Therapy. Pepl encapsulated with DOX and CUR can self-assemble to form NPs (DC/Pepl), which can be targeted to the
tumor vasculature and enter the tumor microenvironment in the presence of CREKA. DC/Pepl undergoes morphological transformations in the acidic tumor
microenvironment, resulting in drug release and prolonging drug retention in the tumor tissues in vivo. DC/Pepl inhibits angiogenesis, promotes apoptosis, and
inhibits C-C motif chemokine ligand-2 (CCL-2), resulting in effective inhibition of lung metastasis and synergistic antitumor effects (by Figdraw).

[20].

In the progression of HCC, the tumor vasculature provides sufficient
nutrients and oxygen for tumor cell growth [21]. Therefore, researchers
have developed various clinical approaches for treating tumors by tar-
geting tumor blood vessels, including embolization strategies [22,23],
vascular disruptors [24], and VEGF antibodies [25], with the aim of
obstructing or suppressing the tumor vasculature. These clinical strate-
gies confirm that the tumor vasculature is a tempting target for tumor
therapy. In tumor blood vessels, the pentapeptide Cys-Arg-Glu-Lys-Ala
(CREKA) specifically identifies coagulation plasma proteins. It is spe-
cifically highly expressed in many diseases [26], including metastatic
cancer and angiogenic processes in thrombosis [27]. Researchers have
found that the peptide CREKA can target tumors, enable accurate
experimental tracking of ultrasmall breast cancer metastases [28], and
participate in the formation of vascular-targeted drug delivery systems
[27,29]. Several diseases have been imaged and treated using nano-
platforms based on CREKA. These findings have led to the development
of CREKA-targeted peptides with the potential to serve as a specific and
practical approach to block tumor angiogenesis.

DOX is a commonly used chemotherapeutic employed for treating
HCC that inhibits DNA synthesis and thus tumor cell proliferation
[29-32]. However, DOX can produce serious toxic side effects, including
cardiotoxicity and nephrotoxicity [31]. Chemotherapy drugs adminis-
tered alone have multiple disadvantages, including high toxicity and
limited clinical efficacy [33]. Therefore, combining two or more drugs
from different anticancer pathways is an increasingly important
approach to improving anticancer outcomes and reducing toxicity [34].
Curcumin (CUR) promotes tumor apoptosis [35] and inhibits angio-
genesis [36]. The conventional chemotherapeutic drug DOX was com-
bined with the natural compound CUR to achieve a better tumor
suppression effect.

Here, we used the amphiphilic small molecule peptide Pepl as a

nanocarrier to encapsulate DOX and CUR (DC/Pepl) through hydro-
phobic interactions to maximize the synergistic effects of chemotherapy
and chemosensitization [37]. Inspired by the specific tumor microen-
vironment, small-molecule peptides containing both pH-responsive and
vascular targeting motifs in microthrombi that are specific to target
tumor vessels were designed and prepared. DC/Pep1 self-assembled into
spherical nanoparticles (NPs), which ultimately transformed into ag-
gregates with high aspect ratios in an acidic environment. The deformed
drug-loaded peptides release CUR and DOX upon reaching tumor ves-
sels, which inhibits tumor neovascularization and promotes tumor cell
apoptosis. In addition, the morphological transformation ability of small
molecule peptides can prolong drug retention within the tumor and
achieve good antitumor effects (Fig. 1).

2. Materials and methods
2.1. Materials

DOX was purchased from APEXBIO Technology LLC (Houston, USA),
and CUR was purchased from Aladdin (Shanghai, China). CCK-8 kits
were purchased from Dojindo Laboratories (Kumamoto, Japan). Fetal
bovine serum (FBS) was purchased from Corning (VA, USA), and DAPI
was purchased from Beyotime Biotechnology Co., Ltd. (Shanghai,
China). The human hepatocellular carcinoma cell line HepG2 was pro-
vided by the American Type Culture Collection (ATCC). Human um-
bilical vein endothelial cells (HUVECs) and mouse H22
hepatocarcinoma (H22) cells were provided by BeNa Culture Collection
(BNCC). HepG2 cells and HUVECs were inoculated in DMEM (pH 7.4)
containing 10 % (v/v) FBS and cultured at 37 °C under 5 % CO,. BALB/c
mice were purchased from Pengyue Experimental Animal Breeding Co.
Ltd. (Jinan, China).
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2.2. Peptide self-assembly

The peptides and drug-loaded peptides dissolved in HEPES were
added to the surface of the copper meshs, and a Hitachi HT7700 appa-
ratus (Tokyo, Japan) was used to examine the peptide samples after they
had dried naturally [38,39].

2.3. Zeta potential measurements

Using a Zetasizer Nano ZS90 instrument (Malvern Instruments, UK),
the samples’ zeta potentials were determined. Measurements were taken
to determine the zeta potentials of Pepl and Pep2. After DOX and CUR
were encapsulated, DC/Pepl and DC/Pep2 were allowed to stand at
room temperature for 12 h and then evaluated. Subsequently, acid was
introduced to the peptide solutions, and the potentials were measured
following 12 h and 120 h of reaction at room temperature.

2.4. Cell counting Kit-8 (CCK-8) assay

The CCK-8 assay was used to measure how Pepl and Pep2 affected
the viability of HUVECs and HepG2 cells. We added 5 x 10° cells to each
well.

In the various experimental groups, drugs were added to a serum-
free HEPES buffer/peptide solution at a 1:1 ratio. The mixture was
then incubated for 48 h. A microplate reader (Thermo Science, USA) was
utilized to measure the optical density (OD) of the samples at 450 nm
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after a certain amount of time had passed after the addition of the CCK-8
reagent, and the percentage of cells that had survived in each group was
determined.

2.5. Cellular uptake

The uptake of different medications by tumor cells was monitored
using confocal laser scanning microscopy (CLSM) and flow cytometry
(FCM). Following the addition of DC, DC/Pep2 or DC/Pepl to each well
(in a volume equal to 1/20 of the volume of the cell culture medium),
HepG2 cells were cocultured for 0.25 h and 0.5 h. After this, the cells
were stained with DAPI (1 pg/mL). The spatial distribution of DOX and
CUR within the cells was determined by CLSM (TCS SP8, Leica, Ger-
many), while fluorescence was quantified by ImageJ.

2.6. Apoptosis assay

Each well of a 6-well plate was seeded with approximately 5 x 10°
HepG2 cells. Blank medium, Pepl, Pep2, DC, DOX/Pep2, DOX/Pepl,
DC/Pep2 or DC/Pepl (1/2500) were added to the 6-well plate according
to the experimental grouping. After digestion and centrifugation of the
cells, a total of 195 pL of Annexin V-FITC conjugate was introduced to
carefully mix the cells. Then, 5 pL of Annexin V-FITC and 10 pL of PI
staining solution were added. The mixture was allowed to incubate for
0.25 h in an area shielded from light before analysis by FCM.
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Fig. 2. Characterization and Cytotoxicity Assay of Peptides. (a) Structures of Pepl and Pep2. (b) TEM images of Pepl, DC/Pepl, DC/Pepl (pH 5), Pep2, DC/Pep2,
and DC/Pep2 (pH 5). Scale bar: 100 nm. (c) Viability of HepG2 cells and HUVECs after 48 h of peptide treatment. **P < 0.01; ***P < 0.001. (d) Changes in the zeta
potentials of Pepl, DC/Pepl and DC/Pepl at pH 5 after 12 h and 120 h and the changes in Pep2 potential after the same treatments. (e) Cumulative DOX and CUR
release profiles from Pepl before and after the addition of acid.



Y. Liu et al.
2.7. Angiogenesis assays

In each well of the 48-well plates, 100 pL of Matrigel mixture
(Matrigel: DMEM = 1:1) was added, and then 5 x 10* HUVECs that were
spiked/treated were inoculated. After 3 h at 37 °C, tube formation was
observed with an inverted fluorescence microscope. One random loca-
tion per sample was used to count the number of tubes for comparison
among groups.

2.8. Western blot (WB) analysis

Incubated cells were treated with serum-free medium, Pepl, Pep2,
DC, DOX/Pep2, DOX/Pepl, DC/Pep2, or DC/Pepl for 24 h. RIPA lysis
buffer was used to extract total protein from cells. SDS-PAGE was used
to isolate and transfer 20 pg protein samples onto 0.45 pm PVDF
membranes. E-cadherin (dilution 1:1000, Beyotime), Vimentin (dilution
1:3000, Beyotime), Caspase-3 (dilution 1:3000, Beyotime), and f-actin
(dilution 1:3000, Beyotime) rabbit monoclonal antibodies were added
for incubation overnight at 4 °C after blocking. Samples were incubated
with secondary antibodies coupled with horseradish peroxidase (HRP)
at a dilution of 1:1000 (Beyotime) for a period of 1-2 h, followed by
development using enhanced chemiluminescence (ECL) reagents.

2.9. In vivo live animal imaging

All experiments involving animals were performed in accordance
with the guidelines of the Institutional Animal Care and Use Committee
of Weifang Medical University. BALB/c mice were subcutaneously
implanted with H22 cells at a concentration of 1 x 10° cells per mouse.
When the tumor volume of BALB/c mice reached 100 mm?, mice in
randomly assigned groups (n = 3) were injected with the same con-
centration (40 pg/mL) of DiR, DiR/Pep2, and DiR/Pepl (0.1 mL per
mouse) through the tail vein. At 1, 4, 8, 12, 24, 48, 72 and 96 h, the drug
distribution in vivo was measured using a small animal imaging device
(IVIS Spectrum, PerkinElmer, USA) for live animal imaging. After 96 h,
the mice were sacrificed, and their tumors and other vital organs were
retrieved for ex vivo fluorescence imaging. Fluorescent readings were
conducted by excitation at a wavelength of 745 nm and the detection of
emissions at 835 nm.

2.10. In vivo antitumor activity

To assess the in vivo antitumor efficacy of various agents, mice with
H22 tumors were generated. Once the tumors reached a volume of 100
mm?, the mice were divided into six groups in a randomized manner (n
= 6). Therapeutic drugs (DOX, 3 mg/kg; CUR, 0.75 mg/kg) were
injected into the mice in the treated groups (saline, DC, DOX/Pep2,
DOX/Pepl, DC/Pep2, DC/Pepl) via the tail vein every other day for 14
days starting on day 6. The tumor sizes and mouse body weights were
measured every other day. Vernier calipers were used to measure the
tumor dimensions, and tumors were weighed according to the method
described previously [16,40,41].

2.11. Lung metastasis experiment

By injecting H22 cells (10° cells/mouse) via the tail vein, a lung
metastasis model in BALB/c mice was established. Mice (n = 5) were
randomly assigned to receive saline, DC, DOX/Pep2, DOX/Pepl, DC/
Pep2, or DC/Pepl intravenously once every two days. After 9 days of
treatment, the organs of the mice were dissected. The number of met-
astatic nodules in the lungs was counted after collecting and photo-
graphing the lung tissue. Tissue immunofluorescence staining was
performed on CCL-2-positive lung tissue sections to analyze the metas-
tasis rate. Lung histopathology was visualized by conducting H&E
staining on sections of the lung.
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2.12. Statistical analysis

GraphPad Prism v6.0 (GraphPad Software) was used for all statistical
analyses. We conducted statistical comparisons utilizing either Student’s
unpaired t-test or 2-way analysis of variance (ANOVA).

3. Results
3.1. pH-mediated morphological transformation of Pep1

The amphipathic peptide Pepl containing the microthrombotic
vascular targeting peptide sequence CREKA and glutamate was designed
to encapsulate a refractory chemotherapeutic drug (Fig. 2a). The peptide
Pep2 without the targeting peptide sequence was designed as a control
(Fig. 2a). The purities of the synthesized peptides were greater than 95
% (Figs. S1-54).

Transmission electron microscopy (TEM) was used to observe
morphological changes in the peptides and drug-loaded peptides. Pepl
self-assembled to form spherical NPs in HEPES buffer (25 mM, pH 7.4)
(Fig. 2b, Figs. S5,56). DOX and CUR were encapsulated in the hydro-
phobic core of the nanocarriers, which retained their NP structures
(Fig. 2b, Figs. S7-S10) [42,43]. Tumor tissues are usually acidic [44].
Interestingly, when the pH was adjusted to 5, the regular NPs dis-
appeared, and fibrous aggregates with a high aspect ratio formed,
whereas the morphology of DC/Pep2 remained largely unaltered
(Fig. 2b, Fig. S11). DC/Pepl underwent a morphological transition from
NPs to aggregates with a high aspect ratio at pH 6.5, while DC/Pep2
remained in the form of spherical NPs (Figs. S12, S13, S14).

3.2. Cell toxicity of and drug release from drug-loaded Pep1

After HUVECs and HepG2 cells were cocultured with Pep2 and Pepl,
respectively, both groups showed high cell viability with survival rates
greater than 80 % (Fig. 2c, Fig. S15). There was a difference in the
toxicity of Pepl and Pep2 on HepG2 cells, and the survival rate of HepG2
in the Pep2 group was 93.6 % after 48 h of coincubation. In comparison,
the survival rate of HepG2 cells in the Pepl group decreased to 81.4 %
(Fig. 2c, Fig. S15), which may be related to the morphological trans-
formation of Pepl [45]. Pepl exhibited inhibitory effects on tumor cell
growth and showed low toxicity to normal mammalian cells.

DOX is widely utilized in cancer therapy, but it does not possess
tumor-targeting capabilities [46]. Conventional DOX injection produces
severe toxicity after intravenous administration [47]. CUR can promote
tumor cell apoptosis but has low water solubility and bioavailability.
Peptides can encapsulate drugs with low aqueous solubility in the hy-
drophobic core [48]. The potential of Pepl was negative and the zeta
potential of DC/Pepl positive after encapsulation of DOX and CUR
(Fig. 2d). The potential increased after adjustment to pH 5 and standing
for 12 h. However, there was a significant decrease in the zeta potential
of DC/Pepl after standing for 120 h. With increasing time, the encap-
sulated drug may have been released from DC/Pepl, decreasing the zeta
potential. This change in the zeta potential was also observed for Pep2
after its encapsulation of drugs and pH adjustment. However, there was
no notable decrease in the zeta potential at pH 5 after 120 h (Fig. 2d).
The zeta potential of Pepl at pH 5 was lower than that of DC/Pepl at pH
5 (Fig. S16), which indicated that some of the drugs remained in
DC/Pepl after DC/Pepl the morphological transition.

Drug release experiments showed that DC/Pepl released 74.5 % of
loaded DOX and 67.7 % of loaded CUR in an acidic environment after 48
h (Fig. 2e). DC/Pep1 released 36.7 % DOX and 33.1 % CUR release in a
neutral environment after 48 h (Fig. 2e). This result suggests that the
drug can be released in response to an acidic environment, possibly
caused by the morphological transformation of the Pepl nanocarriers.
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Fig. 3. Effects of Pepl on Tumor Cell Uptake, Retention and Migration. CLSM images of HepG2 cells coexisting with DC, DC/Pep2, and DC/Pepl for (a) 0.25 h and
(b) 0.5 h. Scale bar: 50 pm. Uptake of DOX and CUR in HepG2 cells after coculture with DC, DC/Pep2, and DC/Pepl for (c) 0.25 h and (d) 0.5 h was detected by FCM.
(e) CLSM images of HepG2 cells cocultivated with DC, DC/Pep2, and DC/Pepl for 72 h. Scale bar: 50 pm. (f) WB images indicating Vimentin and E-cadherin and (g)
quantitative analysis. (h) Quantitative evaluation of HepG2 cells at 24 h and 48 h intervals following the scratch assay. *P < 0.05; **P < 0.01; ***P < 0.001; ns, P >

0.05 relative to DC/Pepl.

3.3. Invitro effects of Pep1 on tumor cell uptake, retention and migration

We further explored the capacity of tumor cells to take up the
nanodrugs using the fluorescence properties of DOX and CUR. The up-
take by HepG2 cells was investigated using CLSM and FCM. The posi-
tions of red and green fluorescence and their brightness indicate the
stepwise uptake of DOX and CUR by the cells and their accumulation in

CLSM images, respectively. HepG2 cells exhibited limited uptake of the
free drug, while the cellular uptake significantly improved upon
encapsulation of the medication within the nanocarriers. After 0.25 h of
co-incubation, higher drug uptake was achieved for DC/Pep2 than DC/
Pepl, possibly because the electropositivity of the drug-loaded peptide
facilitated drug uptake [49-52] (Fig. 3a, Fig. S17). After 0.5 h of incu-
bation, the DC/Pepl-treated cells showed intense green and red
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designated time intervals and (c) quantitative analysis. *P < 0.05; **P < 0.01.

fluorescence in the cytoplasmic and nuclear regions with increasing
time, and portions of DOX and CUR were distributed in the nuclei
(Fig. 3b, Fig. S18).

The uptake of drugs by HepG2 cells was analyzed using FCM after
coincubation for 0.25 h and 0.5 h. After 0.25 h of incubation, the DC/
Pep2 and DC/Pepl groups showed higher intracellular fluorescence
than the DC group. DC/Pep2 had slightly higher cellular uptake than
DC/Pepl after coincubation for 0.25 h (Fig. 3¢, Figs. S19, S20). Subse-
quently, the distribution of DC/Pepl in the cell gradually increased
(Fig. 3d, Figs. S21, S22). Pepl and Pep2 promoted the uptake of the
encapsulated drug molecules into cells.

As chemotherapeutic drugs are readily eliminated by tumor cells
[53], it is crucial to prolong drug retention within tumor cells. After 72 h
of coincubation with DC, DC/Pep2 and DC/Pepl, confocal microscopy
detected the red fluorescence of DOX and the green fluorescence of CUR
in HepG2 cells. In the tumor cells, the drug-loaded peptide exhibited
stronger red and green fluorescence signals than the DC group, and the
fluorescence in the DC/Pepl group was the most intense (Fig. 3e,
Fig. S23). This finding suggests that DC/Pep1 prolongs the intracellular
retention time and enhances drug accumulation capacity, which may be
related to the morphological transformation of DC/Pep1.

Tumor metastasis relies heavily on epithelial-mesenchymal transi-
tion (EMT) [54]. During this process, epithelial adhesion molecules
(such as E-cadherin) are downregulated, and mesenchymal markers
(such as Vimentin) are upregulated [55]. WB experiments revealed that

DC/Pep1 reduced Vimentin expression and increased E-cadherin levels
in HepG2 cells compared to the control group (Fig. 3f and g). In the cell
scratching experiments, HepG2 cells in the blank group displayed sig-
nificant migration toward the central part of the scratch, and a small
amount of migration was also observed in the DC and DC/Pep2 groups,
while almost no migration was observed in the DC/Pep1 group (Fig. 3h,
Fig. S24). Pepl slightly affected EMT-related proteins and inhibited the
migration of tumor cells (Figs. S25-529). This may be related to the
vascular targeting properties of Pepl.

3.4. DC/Pep1 enhances apoptosis and inhibits angiogenesis in tumor cells

Apoptosis is the process of autonomous and orderly cell death under
genetic control [56]. Tumor cells undergo distinct proliferation and
differentiation processes compared to normal cells, and they often
exhibit defective or blocked apoptosis. Therefore, promoting apoptosis
is a popular strategy for treating tumors [57]. Apoptosis is divided into
endogenous and exogenous apoptosis, and Caspase-3 plays an indis-
pensable role in the latter [58]. Pepl showed increased Caspase-3 ac-
tivity (Figs. S30 and S31) and a higher apoptosis rate than Pep2
(Figs. S32 and S33). Caspase-3 expression was elevated in the DC/Pepl
group compared with that in the HepG2, DC, DOX/Pep2, DOX/Pepl,
and DC/Pep2 groups (Fig. 4a and b). DC/Pepl can induce apoptosis by
increasing apoptotic protein expression to inhibit tumor progression. We
applied the FITC-Annexin V/PI double-staining technique to stain the
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cells, followed by employing FCM to measure the rate of apoptosis
(Fig. 4c and d). The total apoptosis rates (early apoptosis and late
apoptosis) induced in the HepG2, DC, DOX/Pep2, DOX/Pepl, DC/Pep2,
and DC/Pep1 groups were 4.9 %, 5.5 %, 6.6 %, 7.6 %, 8.3 %, and 10.8 %,
respectively. DC/Pepl significantly increased the apoptosis rate
compared to DOX/Pep2 and DC/Pep2. These results may be attributed
to the prolonged duration of CUR, which in turn promotes apoptosis and
synergistically enhances the antitumor effect of the chemotherapeutic
drug DOX [59].

Adequate blood supply to the tumor site allows new blood vessels to
form for growth and metastasis, contributing significantly to the
development of the tumor [60]. We performed a stromal gel-based
capillary formation assay using HUVECs to investigate whether
drug-loaded peptides affect angiogenesis in vitro. Pepl was more effi-
cient at inhibiting angiogenesis than Pep2 (Figs. S34 and S35), which
may be due to the targeting of Pepl. Significantly reduced angiogenesis
was observed in the DC/Pepl group compared with the other groups
(Fig. 4e and f). DC/Pepl effectively inhibited tumor blood vessel
formation.

3.5. DC/Pep1 enhances the efficiency of in vivo tumor therapy

We investigated the in vivo retention properties of the drug-loaded
peptide, and BALB/c mice bearing H22 subcutaneous tumors were
established. After injecting DiR, DiR/Pep2, or DiR/Pep1 intravenously,
live imaging was employed to track the dispersion of fluorescence in the
mice. Only a minimal amount of fluorescence in the DiR group accu-
mulated at the tumor location. The concentration of fluorescence in the
DiR/Pepl group was significantly higher at the tumor location. The most
intense fluorescence was found 48 h after DiR/Pepl NP injection, and a
strong fluorescence signal was still present 96 h later (Fig. 5a). Mice
were sacrificed 96 h after in vivo imaging to examine the distribution and
intensity of the remaining DiR within each organ and tumor. We
observed weaker fluorescence in normal organs but increased accumu-
lation in tumor tissues after DiR/Pep1 treatment than after DiR and DiR/
Pep2 treatment (Fig. 5b and c). This may because DiR/Pepl exhibits
passive targeting by the EPR effect [61], as well as CREKA-mediated
microthrombus targeting [26]. Thus, it increases drug enrichment at
the tumor site while decreasing its distribution in other organs. In
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addition, the morphologically transformable Pepl nanocarriers
enhanced drug retention.

Three days after receiving the final dose, the mice used in the
experiment were sacrificed. The tumors were then collected, weighed,
and photographed (Fig. 6a and b). After intravenous injection of DC/
Pepl, the mouse tumor weights and volumes were decreased (Fig. 6¢
and d). The tumor inhibition efficiencies of DC, DOX/Pep2, DOX/Pepl,
DC/Pep2, and DC/Pepl were 26.8 %, 28.9 %, 35.9 %, 43.2 %, and 51.8
%, respectively. Tumor growth was rapid in the physiological saline
group and was significantly inhibited in the DC/Pepl group (Fig. 6e).
The examination of the body weight indicated that there was an absence
of notable alteration in the body weights of mice belonging to the DC/
Pepl group (Fig. 6f). This study confirmed that morphologically trans-
formable DC/Pepl NPs could effectively inhibit tumor growth.

Because of the strong cardiac and renal toxicity of DOX, H&E
staining of the organs and tumor tissues of the mice was performed to
observe the anticancer effect and adverse reaction of the different
treatment groups. The mice in the DC, DOX/Pep2, DOX/Pep1, and DC/
Pep2 groups exhibited different levels of harm to their hearts and kid-
neys. No significant pathological damage was seen in the heart tissues of
the DC/Pep1 group after multiple doses (Fig. 7a). Tumor tissues stained

with H&E showed that the DC/Pepl group had a greater number of
apoptotic tumor cells and appeared to have larger tumor areas of ne-
crosis than the saline, DC, DOX/Pep2, DOX/Pepl and DC/Pep2 groups
(Fig. 7a). H&E staining demonstrated that DC/Pep1 has better antitumor
properties and lower systemic toxicity.

CD31 is a common marker of tumor vascular endothelial cells [62,
63] and is mainly used to indicate endothelial cell tissue and assess
tumor vessels. The expression level of CD31 may indicate the rapidity of
tumor growth [64,65]. Therefore, we chose CD31 to validate tumor
neovascularization (Fig. 7b, Fig. S36). The results showed that the
DC/Pepl group had fewer CD31-positive regions and significantly fewer
nuclei than the other groups. These findings align with the outcomes of
the tumor vascular inhibition test. These experiments further demon-
strate that DC/Pep]1 can target tumor vessels to release drugs and inhibit
neovascularization, thus inhibiting tumor progression.

TUNEL immunohistochemistry assays were utilized to observe the
role of DC/Pepl in the promotion of apoptosis (Fig. 7¢, Fig. S37). In the
DC/Pepl group, we observed a greater presence of apoptotic zones
within the tumor tissues, which were significantly disrupted and
exhibited a considerable loss of nuclei.

To investigate the in vivo function of DC/Pepl, a mouse lung
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metastasis model was established (Fig. 8a). The average quantity of
nodules in the DC/Pep1 group was notably lower than that in the saline,
DC, DOX/Pep2, DOX/Pepl, and DC/Pep2 groups (Fig. 8b and c). The
weights of the mice in the DC/Pepl group remained relatively stable
throughout the experiment (Fig. 8d). In the H&E-stained sections, the
area of metastasis was smallest in the DC/Pep1 group (Fig. 8e). The lung
metastasis experiment indicated that DC/Pepl significantly inhibited
the progression of lung metastasis.

CCL-2 promotes tumor cell migration, distant metastasis, and growth
[66]. Immunofluorescence staining of lung tissue sections was used to
observe the expression of CCL-2. The DC/Pep1 group exhibited a notable
decrease in CCL-2 expression compared to the other groups (Fig. 8f,
Fig. S38). Thus, DC/Pepl may inhibit tumor lung metastasis by inhib-
iting CCL-2 expression.

In this study, morphologically transformable DC/Pepl was success-
fully prepared, leading to enhanced utilization and prolonged retention
of CUR and DOX within the tumor. The cellular uptake results showed
that DC/Pepl had a greater capacity to be taken up by HepG2 cells than

10

free drugs. DC/Pepl enhanced drug accumulation in HepG2 cells better
than DC/Pep2, which may be related to the morphological trans-
formation of DC/Pepl. The live imaging results showed that DiR and
DiR/Pep2 were mainly distributed in the heart and kidney, while a large
amount of DiR/Pepl was enriched at tumor sites, and there was still
significant fluorescence in tumor sites of mice in the DC/Pepl group
after 96 h. The tumor sizes in the DC/Pepl group exhibited a notable
decrease during the antitumor trials.

We examined the impact of DC/Pepl on apoptosis (Caspase-3
expression) and angiogenesis inhibition in HepG2 cells. Apoptosis and
WB assays indicated that the apoptosis rate in the DC/Pepl group was
highest. WB assay results additionally demonstrated an elevation in the
expression level of Caspase-3 within this group, indicating that DC/Pep1
effectively promoted apoptosis of HepG2 cells. In an angiogenesis assay,
DC/Pepl significantly inhibited angiogenesis, and immunohistochem-
ical staining of CD31 showed that DC/Pep1 could target blood vessels in
microthrombi and release the encapsulated drug to inhibit angiogenesis.
These results suggest that DC/Pepl can synergistically treat HCC by
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promoting apoptosis and inhibiting angiogenesis.
4. Conclusion

In conclusion, the self-assembling peptide nanodrug delivery system
DC/Pepl undergoes a morphological shift when exposed to an acidic
environment to enhance drug retention and improve cancer therapy. To
reduce toxic drug side effects and increase selective toxicity to tumor
cells, the peptide vector incorporated a tumor microthrombus vascular
targeting component in its design. DC/Pepl delivers the drug to the
vascular location of the tumor, inhibiting the generation of blood vessels
in the tumor microenvironment. DC/Pepl promotes and accelerates the
process of apoptosis. The in vivo experimental results demonstrated that
the retention of the drug at the tumor site was significantly enhanced,
which may be related to the morphological transformation of DC/Pepl.
Furthermore, DC/Pepl demonstrated significant efficacy in suppressing
tumor development and preventing the spread of cancer cells to the
lungs. DC/Pepl inhibits the growth and metastasis of liver cancer, which
provides ideas for designing morphologically transformable drug-loaded
systems for tumor therapy.
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