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Abstract Oncolytic peptides, which possess synergistic oncolytic-immunotherapy effects, have exhib-

ited advantages including unique anticancer mechanism, overcoming drug resistance and broad anti-

cancer spectrum in clinic. Nevertheless, conventional oncolytic peptides often suffer from poor

stability, limited efficacy, and moderate anticancer selectivity. In this study, the stability-, potency-,

and selectivity-guided optimizations were conducted on the first-in-class oncolytic peptide Clip-71.

The robust synthetic strategy, in vitro and in vivo anticancer activity, and anticancer mechanism especially

immune activation ability were systematically investigated for obtained peptides. The first round of

stability-guided optimization identified the mirror-image peptides represented by QY-8, which possessed

strikingly high stability, as well as outstanding in vitro and in vivo anticancer activities. Subsequently, to

address the limited selectivity and nonspecific distribution of oncolytic peptides, the second round of
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conjugates (PPCS);

Clip-71

selectivity-guided and PPCs-strategy based optimization was conducted on QY-8. Strikingly, the novel

PPC QY-13, which was obtained through conjugation of the SSTR2-targeting peptide Tyr3-octreotate

to QY-8, exhibited most potent anticancer activities both in vitro and in vivo, enhanced immunostimula-

tory activity, and superior biosafety as well as tumor targeting potency. Collectively, this study not only

established promising strategies to significantly improve the anticancer potential of cytotoxic peptides,

but also provided the new paradigm for targeted oncolytic-immunotherapy.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cancer, especially drug-resistant malignancies, is a global health

challenge and remains one of the major barriers to improving life

expectancy worldwide1. Although tremendous efforts have been

devoted to developing novel anticancer therapeutics, global cancer

incidence and mortality are still rapidly increasing1-4. Moreover,

high degrees of heterogeneity among cancer cells constitute an

increasing obstacle to traditional anticancer therapy5-9. Modern

biotechnologies have driven the development of a variety of novel

anticancer peptides (ACPs)6, which possess unique skeleton and

mechanism of anticancer action10-12. Over the past two decades,

peptides have emerged as promising anticancer agents and

exhibited multiple anticancer activities6,12-15, such as peptide‒
drug conjugates (PDCs) which facilitate the cell-penetrating and

tumor-targeting of small molecule drugs16-20, cytotoxic peptides

which possess the membrane disruption/permeation potency6,21,22,

and peptide based antagonists for cancer immunotherapy23-27.

Recently, oncolytic peptides, which possess synergistic

oncolytic-immunotherapy effects, offer a new therapeutic modal-

ity to overcome cancer heterogeneity7,28-32. The cationic amphi-

philic oncolytic peptides could locate and bind to negatively

charged cytomembranes that are uniquely and homogeneously

displayed by cancer cells7,9. Upon binding to the membrane of

cancer cells, oncolytic peptides could disrupt cancer cell mem-

brane or induce membrane destabilization, followed by the release

of danger associated molecular patterns (DAMPs) and tumor an-

tigens from cancer cells, resulting in systemic anticancer immune

responses33-35. Promisingly, because of their simple structures,

superior membrane lytic mechanism, and unique immunostimu-

latory activity, oncolytic peptides have emerged as striking anti-

cancer candidates and multiple oncolytic peptides have entered

clinical evaluation (e.g., CyPep-1, LTX-315, LL-37, and, EP-100,

etc.) (Table 1)34,36-39.

Oncolytic peptides are generally composed of cationic amino

acid residues (e.g., Lys, Arg) and hydrophobic amino acid residues

(e.g., Trp, Leu, Phe, Ile), which confer the amphiphilicity and high

cell permeability7,9,40-42. Of note, the peptide sequence

(KFAKFAK)n, which affords the derived peptides Phor 14, Phor18

(also known as Clip-71), and Phor 21, was found to exhibit potent

and broad-spectrum anticancer effects in both in vitro and in vivo

anticancer studies43-46. Moreover, the hybrid peptide EP-100,

which is an oncolytic peptide composed of LHRH ligand and

Clip-71, has entered clinical trials and exhibited positive anti-

cancer responses in Phase I/II oncology trials (Clinical Trials.gov

Identifier: NCT00949559 and NCT01485848)36,47. Nevertheless,

most oncolytic peptides and their derivatives are rich in lysine

(K) and arginine (R) residues, which tend to be easily degraded by

proteases48-50. Recently, numerous studies have reported that the

poor proteolytic stability, moderate anticancer durability, as well

as limited selectivity and nonspecific distribution may hinder the

widespread applications of oncolytic peptides51,52. To circumvent

the stability issues and mitigate the off-target toxicity of oncolytic

peptides, their administration is predominantly conducted via

intratumoral or peritumoral injection.

To improve the stability and anticancer durability of anticancer

peptides, several strategies have been applied, represented by the

amino acid sequence-based modification, N- and/or C-terminal

modification and drug delivery systems (DDSs)53-60. Besides, the

stapling strategy has been widely applied on various anticancer

peptides49,61-67. Nevertheless, to the best of our knowledge, except

natural-source peptide LTX-315, little effort has been devoted to

the systemic optimizations, aiming to simultaneously address the

key limitations of oncolytic peptides including poor stability,

limited efficacy, and moderate anticancer selectivity. Therefore, it

is desirable to develop systematic strategies which could

comprehensively improve the proteolytic stability, anticancer ef-

ficacy, and anticancer selectivity of artificially designed oncolytic

peptides.

In our efforts to improve both the proteolytic stability and

anticancer durability of oncolytic peptides, the first round of sta-

bility- and potency-guided optimization was conducted on the

first-in-class oncolytic peptide Clip-71. To reduce the manufacture

cost and facilitate the accelerated synthesis of oncolytic peptides,

Table 1 Oncolytic peptides in clinical evaluations.

Oncolytic peptides Amino acid sequencesa Indication Phase

LL-37 H-LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES�OH Melanoma I/II

LTX-315 H-KKWWKKW-Dip-K-NH2 Carcinomas I/II

CyPep-1 Ac-yGrkkrrqrrrGktlrvakaiykryie-NH2 Advanced solid tumors I/II

EP-100 H-KFAKFAKKFAKFAKKFAKQHWSYGLRPG�OH Advanced solid tumors I/II

aThe capital first letters and small first letters represent L-type and D-type amino acid residues.
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the economic and robust manual synthetic strategy was estab-

lished. Then, the canonical N- and/or C-terminal modifications

were conducted on Clip-71. Mirror-image peptides, which are

composed of D-amino acid residues, are gaining increasing interest

as potential therapeutic candidates due to their significantly

enhanced stability and reduced immunogenicity compared with

their L-type counterparts26,68-70. Inspired by the mirror-image

phage display strategy developed by Liu et al.23,69,71-73 and

D-type peptides based therapeutics, L- to D-amino acid residue

substitutions were performed on Clip-71.

Through the first round of stability- and potency-guided opti-

mization, the Clip-71-derived peptides were rationally designed

and efficiently synthesized. In particular, the in vivo and in vitro

anticancer activity, time-kill kinetics, serum stability, anti-

migration activity, hemolysis effects, and anticancer mechanism

were explored for synthetic peptides. Compared with the parent

peptide Clip-71 and N-/C-terminal modified peptides, mirror-

image peptides represented by QY-8 possessed strikingly high

proteolytic stability, sustained anticancer durability and signifi-

cantly improved in vivo anticancer potency. Besides, mechanism

explorations indicated that QY-8 possessed potent cell membrane

disrupting effects, which induced the rapid death of cancer cells.

Specifically, compared with the lead peptide Clip-71, QY-8

exhibited significantly increased anticancer activity in the mice

model.

Subsequently, to address the limited selectivity and nonspe-

cific distribution of oncolytic peptides16,17,74, the second round of

selectivity-guided and PPCs strategy-based optimization was

conducted on QY-8. Inspired by the peptide‒drug conjugates

(PDCs) strategy36,42,46, it is anticipated that conjugating onco-

lytic peptide with tumor targeting peptide (termed as PPCs

strategy) will address the drawbacks of inadequate selectivity,

and meanwhile improve the in vivo anticancer potency of onco-

lytic peptide. Somatostatin Receptor 2 (SSTR2) mediated drug

targeting is considered as a highly promising strategy to deliver

anticancer agents into SSTR2-expressing tumors17,74. Therefore,

to further enhance the anticancer potency and selectivity of

oncolytic peptides, we strategically fused oncolytic peptides with

tumor specific SSTR2-targeting ‘homing’ peptide, affording the

novel tumor-targeting peptide and oncolytic peptide based con-

jugates (PPCs).

The novel PPCs were cost-effectively synthesized via the DIC/

Oxyma based accelerated manual solid phase peptide synthesis

(SPPS). The systematic in vitro and in vivo activity, proteolytic

stability, subcellular distribution, and anticancer mechanism

especially immunostimulatory activity were investigated for the

obtained PPCs. It was found that the PPCs strategy could address

the key limitations of oncolytic peptide, including poor stability,

limited efficacy, and moderate anticancer selectivity. The novel

PPC QY-13 exhibits remarkable stability and sustained anticancer

durability, which endows it with long-term anticancer potential. In

particular, QY-13 exhibits selective localization and toxicity to-

wards cancer cells with high expression of SSTR2 proteins.

Furthermore, QY-13 exhibited significantly enhanced immunos-

timulatory activity compared to QY-8, effectively activating

anticancer immune responses through the dual pathways of

inducing ICD production and promoting CD8+ T cell infiltration.

This robust and specific immune response contributes significantly

to its long-term anticancer efficacy and may help in preventing

cancer recurrence. Of note, QY-13 exhibited the most potent

anticancer potentials in both in vitro and in vivo experiments, as

well as promising biosafety and tumor targeting potency.

Collectively, the stability-, potency-, and selectivity-guided

optimizations were conducted on the first-in-class oncolytic pep-

tide Clip-71. Nineteen Clip-71-derived peptides and hybrid pep-

tides were rationally designed, efficiently synthesized, and

systematically evaluated for their anticancer potentials. The novel

tumor-targeting peptide and D-type oncolytic peptide-based con-

jugates (PPCs) were developed. Strikingly, the novel PPC QY-13

exhibited the most promising anticancer potentials in both in vitro

and in vivo experiments, establishing QY-13 a particularly

promising candidate for oncolytic-immunotherapy. In summary, it

is anticipated that this study will not only pave the way for the

optimization of other oncolytic peptides, but also provide reliable

references for the development of novel tumor-targeting peptide-

oncolytic peptide based conjugates (PPCs).

2. Results and discussion

2.1. The design and synthesis of oncolytic peptides

As a typical oncolytic peptide, Clip-71 possesses a linear

amphiphilic α-helical structure, consisting of eighteen amino acid

residues (KFAKFAKKFAKFAKKFAK) (Fig. 1A). This composi-

tion contains eight hydrophilic lysine residues and ten hydro-

phobic amino acids, including five phenylalanines and five

alanines (Fig. 1B and C). Previous studies reported that C-terminal

hydrazidation and N-terminal acetylation could improve the sta-

bility of anticancer peptides51,75,76. Therefore, C-terminal hydra-

zidation and N-terminal acetylation were conducted on Clip-71,

affording derived peptides QY-1 and QY-2 (Table 2). Meanwhile,

as N-terminal PEG modification may improve the proteolytic

stability of peptides16,19,77,78, PEG chains of different lengths were

attached to the N-terminal of Clip-71, yielding the derived pep-

tides QY-3, QY-4, QY-5, and QY-6. Among them, QY-3 contains

both N-terminal PEG modification and C-terminal hydrazide

modification.

6-Aminoacetic acid (Acp) is a non-natural amino acid

frequently used as a linker in peptide conjugation, which can also

improve the stability of peptides79,80. Thus, the Acp moiety was

attached to the N-terminal of Clip-71, affording the derived pep-

tide QY-7. Recently, compared with their L-amino acid counter-

parts, the mirror-image peptides, which are composed of D-type

amino acid residues, have gained increasing interest as potential

therapeutic candidates due to their significantly enhanced pro-

teolytic stability and reduced immunogenicity26,69,73. The mirror

Figure 1 Structure of oncolytic peptide Clip-71. (A) The amino

acid sequence of Clip-71. (B) The idealized helical wheel projection

of Clip-71 (generated using HeliQuest software, https://heliquest.

ipmc.cnrs.fr/cgi-bin/ComputParams.py). (C) The calculated second-

ary structure model of Clip-71 (generated by the MOE 2014. 0901).
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image of Clip-71 was designed through D-type amino acid sub-

stitutions, generating the D-type peptide QY-8. To monitor dif-

ferences in cellular uptake and subcellular localization between

L-type and D-type oncolytic peptides, the typical fluorophore 7-

DCCA was attached to Clip-71 and QY-8, affording peptides

QY-9 and QY-10, respectively. Besides, to further improve the

anticancer efficiency and selectivity of oncolytic peptides, tumor-

targeting peptide and oncolytic peptide based hybrid peptides

were designed and systematically evaluated, which will be dis-

cussed below.

The efficient synthetic method was established for the accel-

erated manual synthesis of Clip-71-derived peptides (Fig. 2A).

The N,N′-diisopropylcarbodiimide (DIC)/[ethyl 2-cyano-2-

(hydroxyimino)-acetate] (Oxyma)-based condensation system has

the advantages of high coupling efficiency and low explosion

risk81,82, and can reduce the side reactions represented by race-

mization83-86. The DIC/Oxyma-based coupling procedures were

generally conducted at high temperature (above 70 ◦C), which

may cause burns to the operators and limit the application of DIC/

Oxyma-based manual SPPS84,85,87. Qi et al.88-91 reported the DIC/

Oxyma-based peptide synthesis under moderate reaction condi-

tions (e.g., 50 ◦C), which facilitates the efficient manual synthesis

of various peptides. Using our previously established DIC/Oxyma-

based coupling strategy, the robust manual synthesis of Clip-71-

derived peptides was achieved in the normal constant-

temperature shaker at 50 ◦C (Fig. 2). Of note, compared with

traditional HCTU/DIEA method (Fmoc-amino acids:HCTU:

DIEA � 3 eq:2.8 eq:6 eq), the overall time required for a single

SPPS cycle was shortened by about 50% through utilization the

DIC/Oxyma-based condensation system (Fmoc-amino acids:DIC:

Oxyma � 3 eq: 6 eq: 3 eq).

The Rink Amide MBHA resin was applied for the synthesis of

derived peptides with C-terminal amide67,92,93. Additionally, the

2-chlorotrityl-NHNH2 resin, which was prepared from the

commercially available 2-Cl-(Trt)-Cl resin, was applied for the

synthesis of derived peptides with C-terminal hydrazida-

tion69,81,86. The Wang resin was applied for the synthesis of

peptides with C-terminal carboxyl94-96. The DIC/Oxyma-based

manual SPPS was utilized for the coupling of natural amino

acid residues at 50 ◦C. Meanwhile, the HATU/HOAt/DIEA system

was utilized for the condensation of N-terminal of AEEA, 7-

DCCA, MOEOEA, MOEOEOEA, Acp, and NH2-PEG1-CH2

(Supporting Information Fig. S2). Through the combined utiliza-

tion of DIC/Oxyma and HATU/HOAt/DIEA-based condensation

systems, peptide cleavage, peptide purification, and lyophilization,

the Clip-71-derived peptides (QY-1 to QY-10) were obtained.

Table 2 The synthetic results for Clip-71 derived peptides and TATE-Oncolytic peptides based PPCs.

Peptides Amino acid sequencea Rtc (min) ESI-MS (Da)b

Calculated 
mass

Observed mass

Clip-71 H-KFAKFAKKFAKFAKKFAK-NH2 15.13 2133.71 2133.34

QY-1 H-KFAKFAKKFAKFAKKFAK-NHNH2 15.08 2148.73 2148.37

QY-2 Ac-KFAKFAKKFAKFAKKFAK-NHNH2 16.83 2190.76 2190.39

QY-3 H-AEEA-KFAKFAKKFAKFAKKFAK-NHNH2 18.19 2293.88 2293.44

QY-4 [NH2-PEG1-CH2]-KFAKFAKKFAKFAKKFAK-NH2 16.78d 2234.82 2234.65

QY-5 MOEOEA-KFAKFAKKFAKFAKKFAK-NH2 18.70d 2249.83 2249.65

QY-6 MOEOEOEA-KFAKFAKKFAKFAKKFAK-NH2 18.84d 2293.88 2293.73

QY-7 H-Acp-KFAKFAKKFAKFAKKFAK-NH2 17.27d 2246.87 2246.84

QY-8 H-kfakfakkfakfakkfak-NH2 15.17 2133.71 2133.66

QY-9 7-DCCA-AEEA-KFAKFAKKFAKFAKKFAK-NH2 22.65d 2522.13 2523.47

QY-10 7-DCCA-AEEA-kfakfakkfakfakkfak -NH2 17.11e 2522.13 2521.50

QY-11 H-fCYwKTCT-OH 14.94d 1049.23 1048.42

QY-12 H-KFAKFAKKFAKFAKKFAK-AEEA-fCYwKTCT-OH 18.12 3311.07 3311.59

QY-13 H-kfakfakkfakfakkfak-AEEA-fCYwKTCT-OH 18.04 3311.07 3311.31

QY-14 Ac-K(Biotin)-AEEA-fCYwKTCT-OH 16.79f 1590.89 1590.22

QY-15 Ac-K(Biotin)-AEEA-kfakfakkfakfakkfak-NH2 18.00d 2675.38 2675.06

QY-16 Ac-K(Biotin)-AEEA-kfakfakkfakfakkfak-AEEA-fCYwKTCT-OH 20.09d 3852.73 3852.37

QY-17 7-DCCA-AEEA-kfakfakkfakfakkfak-AEEA-fCYwKTCT-OH 19.04e 3699.49 3700.65

QY-18 RhB-AEEA-kfakfakkfakfakkfak-NH2 18.68e 2705.43 2703.66

QY-19 RhB-AEEA-kfakfakkfakfakkfak-AEEA-fCYwKTCT-OH 20.46e 3882.79 3881.00

aThe capital first letters and small first letters represent L-type and D-type amino acid residues, respectively. bCalculated and observed ESI-MS, average isotopes.
cRt, retention time in analytical RP-HPLC. Condition: a linear gradient of 20%‒60% buffer B [0.1% TFA (trifluoroacetic acid) in CH3CN] in buffer A (0.1% 
TFA in water) over 30 min (10%‒20% for 2 min, then 20%‒60% for 30 min) on an Agilent C18 column, λ =214 nm. dRP-HPLC condition: 20%‒60% buffer 
B in buffer A over 30 min (20% for 2 min, then 20%‒60% for 30 min) on an Agilent C18 column, λ =214 nm. eRP-HPLC condition: 30%‒60% buffer B in 
buffer A over 30 min (20%‒30% for 2 min, then 30%‒60% for 30 min) on an Agilent C18 column, λ =214 nm. fRP-HPLC condition: 20%‒70% buffer B in 
buffer A over 30 min (20% for 2 min, then 20%‒70% for 30 min) on an Agilent C18 column, λ =214 nm.
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Notably, each of the synthetic peptides could be obtained on more

than ten milligrams scale with the purity above 95% determined

by analytical RP-HPLC.

The synthetic peptides were characterized by RP-HPLC, ESI-

MS, and CD analysis (Table 2, Figs. 2 and 3 and Supporting In-

formation Fig. S3‒S23). Of note, the analytical RP-HPLC spectra

for each crude and purified peptide, the isolated yields, and the

ESI-MS spectra for each synthetic peptide were provided in

Fig. S3‒S23. As expected, the L-type peptide Clip-71 and cor-

responding D-type peptide QY-8 exhibited basically the same

retention time in analytical RP-HPLC analysis (Table 2). More-

over, to further verify the correctness and potential racemization

of the DIC/Oxyma based condensation system, the peptide QY-8

synthesized by the HCTU/DIEA based condensation system at

28 ◦C or the DIC/Oxyma based condensation system at 50 ◦C was

analyzed by the analytical RP-HPLC. For the coinjections of QY-8

synthesized by different strategies, only one main peak was

detected by the analytical RP-HPLC and ESI-MS analysis

(Fig. 2B‒D). These data proved the robustness of DIC/Oxyma

condensation system, which features with low rate of racemiza-

tion during peptide synthesis at 50 ◦C. Collectively, utilizing DIC/

Oxyma based condensation system, the efficient and robust syn-

thetic strategy was established, which could achieve cost-effective

manual synthesis of Clip-71 derived peptides.

As one of the promising oncolytic peptides, Clip-71, which is

an amphipathic helical peptide, has been in phase I/II clinical

trials (Clinical Trials.gov Identifier: NCT00949559 and

NCT01485848)97. The previous studies indicated that the

amphiphilic structure is vital for the oncolytic peptides to achieve

membrane disruption and anticancer effects. Thus, to study the

potential influence of structural modifications on the secondary

structure of Clip-71, the CD spectra were conducted on Clip-71-

derived peptides (Fig. 3A). The CD spectra of QY-1 and QY-2,

which contain C-terminal hydrazidation, basically resembled the

spectrum of Clip-71. Besides, QY-3, QY-4, QY-5, and QY-6,

which contain different lengths of PEG at the N-terminal of

peptides, or QY-7 containing N-terminal Acp modification, all

exhibited similar CD trends as that of Clip-71. Moreover, there

was no significant difference in CD spectra between Clip-71 and

QY-3, which contains both C-terminal hydrazidation and

N-terminal AEEA. Collectively, the CD spectra indicated that

modifications such as N-terminal alkylation, N-terminal PEGyla-

tion or C-terminal hydrazidation did not significantly impair the

secondary structure of prototype Clip-71.

Recently, D-type peptides, which are composed of D-type

amino acid residues and possess high proteolytic stability, are

considered as striking skeletons as promising diagnostic tools and

therapeutic agents23,69,71. Previous studies have shown that L-type

to D-type amino acid substitutions can improve proteolytic sta-

bility without compromising the anticancer activity of oncolytic

peptides30,98. Therefore, D-type amino acid substitutions were

conducted on Clip-71, affording the D-type peptide QY-8.

Generally, the D-type peptide should be the mirror image form

of its L-amino acid counterpart23,24. As expected, the CD spectrum

of QY-8 was basically the mirror image form of Clip-71. More-

over, the structural prediction based on MOE software also

showed that Clip-71 and QY-8 maintain mirror symmetry

(Fig. 3B). Besides, for the coinjection of purified Clip-71 and QY-

8, only one peak was detected by the analytical RP-HPLC analysis

Figure 3 Characterization of Clip-71 derived peptides. (A) The CD spectra of Clip-71 and its derived peptides. (B) Calculated secondary

structure models of Clip-71 and QY-8 (generated by the MOE 2014. 0901). (C) RP-HPLC and ESI-MS spectra of coinjections of Clip-71 and QY-

8. RP-HPLC condition: a linear gradient of 20%− 60% buffer B in buffer A over 30 min (10%‒20% for 2 min, then 20%− 60% for 30 min) on an

Agilent C18 column. The ESI-MS of Clip-71 and QY-8 gave the observed mass of 2133.585 (calculated 2133.711 Da, average isotopes).

Figure 2 Synthesis and identification of Clip-71 derived peptides.

(A) The synthetic route of Clip-71 derived peptides. (B) The RP-

HPLC spectrum of QY-8 synthesized by the HCTU/DIEA conden-

sation system at 28 ◦C. (C) The RP-HPLC spectrum of QY-8 syn-

thesized by the DIC/Oxyma condensation system at 50 ◦C. (D) RP-

HPLC and ESI-MS spectra of coinjections of QY-8 prepared by two

condensation systems. RP-HPLC condition: a linear gradient of 20%‒
60% buffer B in buffer A over 30 min (10%‒20% for 2 min, then

20%‒60% for 30 min) on an Agilent C18 column. The ESI-MS of

QY-8 gave the observed mass of 2133.36 (calculated 2133.71 Da,

average isotopes).
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(Fig. 3C). Combined with analytical RP-HPLC and ESI-MS, these

data further verified the correctness of the synthetic peptides and

the robustness of the DIC/Oxyma condensation system (Figs. S3

and S11). In general, the CD data suggested that N-terminal (e.

g., acetylation, PEGylation) and/or C-terminal (e.g., hydrazida-

tion) modifications, as well as the D-amino acid substitutions, did

not impair the amphipathic structure of prototype Clip-71.

2.2. In vitro cytostatic effects of Clip-71 and its derived peptides

To assess the in vitro anticancer activity of Clip-71 and its derived

peptides, the cytotoxicity assay was conducted against two sus-

pended cancer cell lines (A20 and Daudi) and two adherent cancer

cell lines (4T1 and A549). The cytostatic effects were quantified

as IC50 value, which represents the mean of three separate assays

(Table 3). As expected, the Clip-71 and its derived peptides

exhibited a dose-dependent inhibitory effect on the proliferation of

cancer cells (Supporting Information Fig. S24). As shown in

Table 3, the IC50 values of Clip-71 against A20, Daudi, 4T1,

and A549 cells were 34.2, 57.2, 74.6, and 36.3 μmol/L, respec-

tively, indicating that the four cancer cell lines were not sensitive

to Clip-71, with IC50 remaining above 30 μmol/L even after 24 h

of treatment.

The derivatives (QY-1, QY-2, QY-3, QY-5, and QY-6) con-

taining N-terminal acylation, AEEA, MOEOEOEA, MOEOEA,

and/or C-terminal hydrazidation exhibited similar cytotoxicity to

Clip-71. Compared with the prototype Clip-71, the derived peptide

QY-4 exhibited slightly improved cytotoxicity against the four

cancer cell lines. Specifically, the attachment of N-terminal

alkylation (QY-7) may improve the cytotoxicity against all four

cancer cell lines, with about 2—4-fold increase compared with that

of Clip-71. Remarkably, the D-type peptide QY-8 showed the

highest activity against A20, Daudi, 4T1, and A549 cells, with IC50

values of 3.4, 21.2, 11.8 and 11.4 μmol/L, respectively, which were

about 2‒10 times better than those of Clip-71. Collectively, the

IC50 data indicated that the N-terminal acetylation and PEGylation,

as well as C-terminal hydrazidation maintain the inherent activity

of Clip-71. Of note, the D-amino acid substitutions (QY-8) could

significantly enhance the cytotoxicity effects of Clip-71.

2.3. The time-kill curve assay for Clip-71 and its derived

peptides

Except for the in vitro anticancer activity quantified as the IC50

value, the durability of anticancer effects is also the key index to

evaluate the anticancer potential of oncolytic peptides30,75. Since

Clip-71 and its derived peptides may be degraded at the cellular

level and gradually lose their anticancer effects, the anticancer

durability of Clip-71 derived peptides was measured by the time-

killing curve assay. Thus, to investigate the influence of anticancer

durability of Clip-71 and its derived peptides over time, the time-

killing curve assay was performed on A20 suspended cancer cells

and 4T1 adherent cancer cells. In vitro cytotoxicity test data

showed that the IC50 values of QY-8 against A20 cells and 4T1

cells were about 5 and 15 μmol/L respectively (Table 3). There-

fore, 5 or 15 μmol/L of Clip-71 and its derived peptides were

incubated with A20 cells or 4T1 cells respectively, over a time-

course at 4, 12, 24, 36, 48, and 72 h.

Fig. 4A showed that Clip-71 and its derived peptides initially

exhibited the rapid inhibition of both A20 suspended cancer cells

and 4T1 adherent cancer cells, and then reached the highest

inhibitory efficiency at 24 h. Consistent with the IC50 data,

compared with other peptides except QY-8, the derived peptides

QY-4 and QY-7 exhibited stronger inhibition rates at 24 h.

Nevertheless, since the IC50 values of Clip-71 and other derived

peptides except QY-8 were greater than 5 μmol/L against

A20 cells and greater than 15 μmol/L against 4T1 cells, their

highest inhibition rates were unable to exceed 50% throughout the

test. Besides, it should be pointed out that the anticancer effi-

ciencies of Clip-71 and its derived peptides except QY-8 exhibited

a significant downward trend from 24 to 72 h, with the inhibition

rates remaining below 20% and 5% after 48 and 72 h incubations,

respectively. Specifically, peptide QY-2, which contains both

C-terminal hydrazide modification and N-terminal acetylation,

could not improve the anticancer durability of Clip-71 at the

in vitro cellular level.

In contrast, unlike the L-type derived peptides, which showed

significantly reduced inhibition rates from 24 to 72 h, the D-type

peptide QY-8 maintained durable anticancer effects against both

A20 suspended cancer cells and 4T1 adherent cancer cells

throughout the assay. Especially, QY-8 was found to exhibit potent

anticancer activity up to 72 h, with the inhibition rate up to 90%

and 70% against A20 and 4T1 cancer cells, respectively. Collec-

tively, the time-kill curve assay suggested that the N-terminal

acetylation and PEGylation, as well as C-terminal hydrazidation

could not significantly improve the anticancer durability of Clip-

71. Strikingly, D-type amino acid substitutions not only signifi-

cantly enhanced the anticancer efficacy of Clip-71, but also

effectively prolonged the duration of the anticancer effect.

2.4. Serum stability of Clip-71 derived peptides

Previous studies have reported that anticancer peptides, especially

the L-type linear peptides are easily degraded by various proteo-

lytic enzymes, and suffer from short half-lives in human serum or

tumor microenvironment6,99. Moreover, the clinical applications

of multiple anticancer peptides are limited due to their poor sta-

bilities and short half-lives30,100. The cytotoxicity assay and time-

kill curve assay indicated that D-type amino acid substitutions

could significantly improve the anticancer potency and prolong

the anticancer durability of Clip-71, which should be attributed to

the high proteolytic stability of derived peptides. Therefore, in

order to detect the proteolytic stability of Clip-71 and its derived

peptides, we performed serum stability experiments in vitro. The

in vitro stability tests were carried out in 10% human serum, with

the incubation time up to 72 h23,24. The analytical RP-HPLC and

ESI-MS were jointly applied to monitor the integrity of peptides

Table 3 IC50 values (μmol/L) of Clip-71 and its derived

peptides.

Peptides A20 Daudi 4T1 A549

Clip-71 34.2 � 1.3 57.2 � 1.7 74.6 � 5.6 36.3 � 6.1

QY-1 38.6 � 1.7 38.9 � 3.8 61.0 � 7.3 72.1 � 4.3

QY-2 27.6 � 4.3 35.5 � 5.9 47.8 � 5.1 71.2 � 8.4

QY-3 28.6 � 1.3 30.6 � 4.2 42.3 � 0.8 52.9 � 7.3

QY-4 22.2 � 3.4 28.9 � 3.4 25.3 � 2.7 35.6 � 3.2

QY-5 32.1 � 5.3 44.1 � 8.3 46.9 � 1.1 59.9 � 6.6

QY-6 39.2 � 6.4 36.1 � 3.8 49.9 � 1.3 51.4 � 4.9

QY-7 18.2 � 5.1 24.1 � 1.9 18.8 � 2.6 25.3 � 2.3

QY-8 3.4 � 0.6 21.2 � 1.7 11.8 � 4.8 11.4 � 2.1

The data are presented as the mean ± SEM (n � 3). Incubation

time: 24 h.
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(Fig. 4B‒D). The serum stability tests indicated that the integrity

of Clip-71 rapidly decreased with the extension of incubation

time. The content of full-length Clip-71 was calculated to be 32%

at 4 h, and the content of Clip-71 dropped to below 5% after 36 h

of incubation, indicating that the half-life of Clip-71 was less than

4 h.

Meanwhile, for QY-1 bearing C-terminal hydrazidation, 52%,

23% and 10% of full length QY-1 could be detected after 4, 24 and

36 h incubations, respectively. In addition, the attachment of

AEEA to the N-terminal of QY-1 could not improve the stability

(peptide QY-3). For QY-2 containing C-terminal hydrazidation

and N-terminal acetylation, 60%, 28% and 18% of full length QY-

2 were detected at 4, 24 and 36 h, respectively. The difference

between QY-1 and QY-2 indicated that the simultaneous

C-terminal hydrazidation and N-terminal acetylation could

improve the stability, and the effect was superior to C-terminal

hydrazidation alone. Meanwhile, 15%, 11%, 18% and 14% of full

length QY-4, QY-5, QY-6, and QY-7 could be detected after 36 h

incubation. These data indicated that N-terminal modifications

such as PEGylation (QY-4, QY-5, QY-6) and alkylation (QY-7)

could enhance the proteolytic stability. Nevertheless, it should be

pointed out that except for QY-8, all Clip-71 derived peptides

gradually lost integrity after 4 h incubation, with the integrity

below 20% at 36 h and below 5% at 72 h.

Strikingly, unlike the L-type peptides (QY-1—QY-7), all of

which rapidly lost integrities with the extension of incubation

time, the D-type peptide QY-8 remained rather stable throughout

the tests. Especially, only 18% degradation of QY-8 was detected

even after 72 h incubation. Collectively, compared with

C-terminal hydrazidation and N-terminal modifications (acetyla-

tion, PEGylation, and alkylation), the D-type amino acid sub-

stitutions could more significantly improve the stability of peptide.

Different from L-type Clip-71 derived peptides, the D-type pep-

tide possessed promising resistance to enzymatic degradation,

which effectively prolonged the duration of anticancer effects.

Nevertheless, although time-kill curve assay and serum stability

experiment indicated that QY-8 possessed high proteolytic sta-

bility and sustained anticancer efficiency, further experiments are

required to investigate the in vivo stability of QY-8.

2.5. Anticancer action of Clip-71 and QY-8 at the subcellular

level

Although the Clip-71 based agent has entered clinical trials, to the

best of our knowledge, little effort has been devoted to investi-

gating the anticancer action of Clip-71. Besides, understanding the

subcellular mechanism of Clip-71 will facilitate the development

of Clip-71 based anticancer agents. The cytotoxicity tests, the

time-kill curve assay and serum stability tests indicated that

D-type peptide represented by QY-8 possessed significantly

improved anticancer activity and durable anticancer efficiency, as

well as strikingly high proteolytic stability. Therefore, to investi-

gate the anticancer action of Clip-71 and its derived peptides, the

prototype Clip-71 and D-type peptide QY-8 were selected and

investigated for the membranolytic effect and subcellular locali-

zation. Especially, to monitor the subcellular localization, the

representative fluorescent group 7-DCCA was attached to the

N-terminal of Clip-71 and QY-8, affording 7-DCCA-AEEA-Clip-

71 (QY-9) and 7-DCCA-AEEA-QY-8 (QY-10), respectively.

2.5.1. MD simulation of QY-8 binding to the cell membrane of

cancer cells

Previous studies have shown that there are several widely accepted

models to explain the mechanism by which oncolytic peptides

Figure 4 The time-kill curve assays and serum stabilities of Clip-71 derived peptides. (A) The A20 (left) and 4T1 (right) cells were treated with

5 and 15 μmol/L of Clip-71 derived peptides, respectively. Data are presented as mean ± SD (n � 3). (B, C) Analytical RP-HPLC spectra of the

hydrolysis of Clip-71 (B) and QY-8 (C) by human serum (10%, v/v). (D) Human serum stability of Clip-71 and derived peptides (100 μmol/L

tested concentration for each peptide, monitored by the analytical RP-HPLC and ESI-MS). Data are presented as mean ± SD (n � 3).
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bind to cell membranes43,101. Inspired by previous studies, 100 ns

molecular dynamics simulations were performed to explore the

way D-type peptide QY-8 interacts with cancer cell membranes

(Fig. 5A). The structure of Clip-71 was predicted using

AlphaFold3102. Subsequently, the L-type Clip-71 was inverted

into a D-type peptide, peptide QY-8, using the LtoD.py script from

the finDr website103. Peptide QY-8 was positioned at a distance of

40 Å from the surface of POPC cell membranes104. A 100 ns

molecular dynamics simulation was initiated to observe the

interaction of oncolytic peptide QY-8 with the cell membrane. In

comparison to the initial state, QY-8 demonstrated greater adhe-

sion to the cell membrane surface at an inclined angle in 30 and 60

ns simulations (Fig. 5A), whereas by 100 ns, QY-8 exhibited tight

attachment to the cell membrane surface in a nearly pendulous

orientation, resulting in the bending of the monolayer towards the

peptide side of the cell membrane. Consequently, we hypothesize

that D-type peptide QY-8 may disrupt the cell membrane at an

angle perpendicular to the cell membrane, thereby facilitating its

entry into the cytoplasm. However, it should be noted that further

experimentation is necessary to verify the membranolytic effect of

D-type peptide QY-8.

2.5.2. Membranolytic effect of Clip-71 and QY-8

Various studies have reported that oncolytic peptides could

destroy the integrity of cancer cell membranes, which contributed

to the rapid anticancer effects of oncolytic peptides7,105,106. To

study the cell membrane disrupting potency of prototype Clip-71

and D-type peptide QY-8, the membrane integrity assay was

conducted on the 4T1 adherent cancer cells. After the treatment of

negative control DMSO, Clip-71, or QY-8, PI/Hoechst 33258

costaining was conducted. The cancer cells with intact cell

membranes, which were stained by the Hoechst 33258, emitted

blue fluorescence. With the rupture of tumor cell membrane, PI

will enter cells and the cancer cells then emitted red fluorescence.

As depicted in Fig. 5B and C, for the DMSO group, the percentage

of PI positive cancer cells was less than 5% throughout the tests,

suggesting that most cancer cells possessed intact cell membranes

within 30 min.

On the contrary, 30 min treatment of Clip-71 or QY-8 induced

an obvious increase in red fluorescence, indicating the rapid

membrane disrupting potency of Clip-71 and QY-8. 4.7% and

10.8% of whole cells stained by PI were detected within 10 min

for Clip-71 and QY-8 respectively. As the time extended to

30 min, the membranolytic effects significantly increased, and

7.6% and 18.9% of whole cells stained by PI were detected for

Clip-71 and QY-8 respectively. Besides, the mitochondrial mem-

brane potential analysis was also conducted, suggesting that Clip-

71 and QY-8 did not obviously destroy the mitochondrial mem-

brane (Supporting Information Fig. S25). Collectively, the mem-

brane integrity assay indicated that both Clip-71 and QY-8 possess

rapid membranolytic activity, which could subsequently induce

cancer cell death in a relatively short period of time. Of note, it

was first found that, in terms of the speed and degree of mem-

branolytic effects, the D-type peptide QY-8 exhibited more potent

disruption potency on the cancer cell membranes than that of Clip-

71.

2.5.3. Subcellular localization of QY-9 and QY-10

To investigate subcellular localization of Clip-71 and QY-8, the

live-cell imaging experiment was conducted on 4T1 cancer cells.

To monitor the subcellular localization, 7-DCCA labeled Clip-71

(QY-9) and 7-DCCA labeled QY-8 (QY-10) were utilized to

perform live-cell imaging assay on 4T1 cancer cells. The in vitro

cytostatic assay indicated that N-terminal attachment of

Figure 5 Molecular dynamics simulations and membranolytic effect of QY-8. (A) Presenting the binding processes of QY-8 with POPC lipids

at different times. (B) PI/Hoechst 33258 costaining of 4T1 cancer cells (objective magnification, 10 × ). The 4T1 cancer cells were treated with

DMSO, 15 μmol/L Clip-71 or 15 μmol/L QY-8. (C) Quantification of the PI-positive cells using ImageJ. Data are presented as mean ± SD

(n � 3). One-way ANOVA was applied for multiple comparisons. *P < 0.05, ns: not significant.
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fluorescent group 7-DCCA did not alter the activity of Clip-71

(IC50: 75.3 μmol/L for QY-9 versus 74.6 μmol/L for Clip-71) or

QY-8 (IC50: 14.1 μmol/L for QY-10 versus 11.8 μmol/L for QY-8)

against 4T1 cells (Table 3, Supporting Information Table S1 and

Fig. S28). The nucleus of cancer cells was stained green by

SYBR Green I, while QY-9 and QY-10 emitted blue fluorescence.

As shown in Fig. 6A, within 5 min administration of QY-9 or QY-

10, obvious blue fluorescence could be detected. Meanwhile, with

the extension of incubation time, Blue/Green ratios gradually

increased, indicating that Clip-71 and QY-8 could progressively

and efficiently enter the cancer cells. Besides, QY-9 and QY-10

were found to cluster into a hollow circle, while positioning

around the nucleus, indicating that Clip-71 and QY-8 could

rapidly penetrate the cell membrane and accumulate in the

cytoplasm.

In addition, to evaluate the interference of fluorescent probe 7-

DCCA on the penetrating and localization of Clip-71 and QY-8,

the noncovalent combination of free 7-DCCA and Clip-71, or the

noncovalent combination of free 7-DCCA and QY-8 was applied

for live-cell imaging. As shown in Fig. 6A and B, very weak blue

fluorescence could be detected from 5 to 30 min, and the blue/

green ratios remained below 0.2 throughout the experiment. These

phenomena indicated that free 7-DCCA could not obviously enter

the cancer cells or label the 4T1 cancer cells. Collectively, the

subcellular localization experiment indicated that both Clip-71

and QY-8 could rapidly penetrate the cell membrane, enter can-

cer cells and aggregate in the cytoplasm. Of note, in terms of the

speed and degree of cell penetration efficiency, no statistical dif-

ference was detected between Clip-71 and QY-8.

2.6. Inhibition of tumor growth by Clip-71 and QY-8 in mice

The above study indicated that D-type peptide represented by QY-

8 possessed improved anticancer activity and durable anticancer

efficiency, high proteolytic stability, as well as improved mem-

branolytic effect. To evaluate the in vivo anticancer potential of

Clip-71 derived peptides, QY-8 was selected and applied for tumor

growth and survival experiments utilizing the solid tumor models

(4T1 tumors-bearing mice) (Fig. 7A). Normal saline and Clip-71

were applied as negative and positive controls, respectively.

Figure 6 Subcellular localization of QY-9 and QY-10. (A) Fluorescence images of 4T1 cells treated with 15 μmol/L QY-9, 15 μmol/L QY-10,

15 μmol/L Clip-71 plus 15 μmol/L free 7-DCCA, or 15 μmol/L QY-8 plus 15 μmol/L free 7-DCCA at different time points. Cells were labeled

with the nuclear probe SYBR Green I. (B) The quantification of the fluorescence intensity of (A) was conducted utilizing the ImageJ software.

Data are presented as mean ± SEM (n � 3). One-way ANOVA was applied for multiple comparisons. ns: not significant.

Figure 7 Tumor growth inhibition by Clip-71 and QY-8 in 4T1 tumor-bearing mice. (A) Schematic illustration of the timeline for the treatment

of normal saline, Clip-71 or QY-8. (B) Images of 4T1 tumors excised from mice. (C) Weights of 4T1 tumors. Data are presented as mean ± SD

(n � 3). (D) Body weights of mice in different experimental groups. Data are presented as mean ± SD (n � 3). (E) Tumor growth kinetics of

different groups. Data are presented as mean ± SEM (n � 3). (F) Survival analysis of the 4T1 tumor-bearing mice. All P value were determined

by multiple comparisons after one-way ANOVA. *P < 0.05, ***P < 0.001.
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According to animal ethical guidelines, mice were euthanized

when the tumor volume exceeded 2000 mm3 or if bleeding ulcers

developed, and euthanasia was performed through cervical

dislocation.

As shown in Fig. 7F, the tumor growth of the normal saline-

treated mice was not suppressed, and all mice were euthanized

within 9 days in accordance with animal ethical guidelines.

Compared to the vehicle group, the intratumoral administration of

either Clip-71 or QY-8 exhibited significant cancer growth inhi-

bition in terms of tumor volume and weight (Fig. 7B‒F). Notably,

QY-8 exhibited a more potent tumoricidal effect than Clip-71,

which was consistent with the higher cytotoxic effect of QY-8

in the in vitro cytotoxicity assay. Especially, the stripped tumors

treated with QY-8 were obviously smaller than those in the Clip-

71 treated groups, further suggesting the potent tumoricidal ac-

tivity of QY-8 (Fig. 7B and C).

Compared with saline-treated mice which were euthanized

within 9 days in accordance with animal ethical guidelines,

Fig. 7F indicated that the administration of Clip-71 and QY-8

significantly lengthened the survival time, and the mice survived

for more than 21 days. The survival analysis of mice in different

groups further verified that Clip-71 and QY-8 possess favorable

anticancer activity and could effectively extend the survival of

tumor-bearing mice. In addition, the mice treated in the Clip-71

and QY-8 groups maintained stable body weight and normal

physical condition throughout the in vivo therapy (Fig. 7D), sug-

gesting that the administration of D-type peptide QY-8 did not

cause serious in vivo toxicity at the dose tested. Collectively, the

in vivo anticancer experiment indicated that QY-8 possessed su-

perior in vivo anticancer activity to Clip-71, which may serve as a

potential candidate for further optimizations.

2.7. Design and synthesis of TATE-oncolytic peptide based

PPCs

The above stability and anticancer experiments indicated that the

D-type peptide QY-8 exhibited improved proteolytic stability,

more durable anticancer efficiency, as well as significantly higher

in vitro and in vivo anticancer activities. Nevertheless, like most

oncolytic peptides, including those in clinical trials, QY-8 still

exhibited moderate selectivity toward cancer cells and was thus

administered through intratumoral injection in the in vivo anti-

cancer experiments. Recently, peptide‒drug conjugates (PDCs)

are gaining increasing recognition as a new strategy for targeted

drug delivery possessing improved efficacy and reduced side ef-

fects for anticancer therapy17,19,74,107-109. To improve the thera-

peutic efficiency and reduce the undesired toxicity to normal

tissues of chemotherapeutic agents, PDCs have been designed by

conjugating chemotherapeutic agents with tumor-targeting pep-

tides74. These tumor-targeting peptides could selectively bind to

the membrane proteins/cell surface receptors uniquely expressed

or overexpressed in cancer cells (e.g., SSTR2, EGFR, GnRH-R,

integrin receptors), which could increase the cancer penetration

and selectivity of chemotherapeutic agents17. Especially, SSTR2

holds great potential for the development of PDCs, and multiple

SSTR2-targeting PDCs have been approved or entered clinical

trials17,110,111. Inspired by the PDC strategy, we intended to

develop novel peptide‒peptide conjugates (PPCs), which were

designed through the hybridization of tumor-targeting peptides

and oncolytic peptides.

To improve the tumor-specific targeting of oncolytic peptides,

the PPCs were created by linking tumor-targeting peptide to

oncolytic peptides. As both in vitro and in vivo studies suggested

that D-type peptide QY-8 may be a promising anticancer candi-

date for further optimization, we selected QY-8 as the warhead for

PPCs. The SSTR2 (Somatostatin Receptor 2) targeting peptide

Tyr3-octreotate (TATE) has been considered as a promising tumor-

homing peptide and has been widely applied in the design of

PDCs78,112. TATE is a cyclic octapeptide and possesses extremely

high affinity with SSTR2 (Fig. 8A). Notably, SSTR2, which is

frequently overexpressed on the surface of multiple tumors, serves

as a promising therapeutic target, enabling tumor imaging and

targeted treatment in cancers with high SSTR2 expression111,113-

117. Especially, 177Lu-DOTA-TATE (Lutathera), which uses

TATE as the targeting peptide, is the first approved PDC and is

primarily applied to treat pancreatic, gastrointestinal, and neuro-

endocrine tumors17,110.

Although multiple PDCs based therapeutic agents have entered

clinical or preclinical evaluations, little effort has been devoted to

developing PPCs composed of tumor-targeting peptides and

anticancer peptides. Meanwhile, to the best of our knowledge, the

anticancer effects of TATE-oncolytic peptide based PPCs have not

been explored. Therefore, in order to improve the anticancer effect

of oncolytic peptides and enhance their targeting toward tumor

cells, Clip-71 and QY-8 were conjugated to tumor-targeting pep-

tide TATE via amide bonds, generating the PPCs QY-12 and QY-

13, respectively (Fig. 8A and Figs. S15 and S16). The hydrophilic

AEEA group was utilized as the linker connecting the TATE and

oncolytic peptides (Fig. 8A and Fig. S2). The binding ability of

TATE-oncolytic peptide based PPCs to SSTR2 receptor, in vitro

serum stability, hemolysis effects, in vivo and in vitro anticancer

activity, intracellular uptake, and preliminary anticancer mecha-

nism were systematically investigated.

The TATE-oncolytic peptide based PPCs are composed of

three parts: the lytic peptide sequence, the SSTR2 binding

sequence and the linker AEEA (Fig. 8A and B). The DIC/Oxyma

based condensation system was utilized for the efficient manual

synthesis of hybrid peptides at 50 ◦C (Fig. 8D‒F and Fig. S16),

and the results demonstrated the compatibility of Wang resin with

DIC/Oxyma based Fmoc-SPPS. Fmoc-Cys(Acm)-OH was used

for the coupling of two cysteine residues, which facilitates the

solid-phase disulfide bond formation (Fig. 8C). The TATE moiety

was first attached to the resin by the above-mentioned coupling

strategy. Subsequently, after the coupling of AEEA to D-type Phe,

the oncolytic peptide moiety was attached to TATE moiety. After

the coupling of all amino acid residues, Tl(TFA)3 was added to

remove the Acm protecting groups and simultaneously construct

the disulfide bonds during the SPPS (Fig. 8C)118-121. Especially,

utilizing the protocols including the peptide cleavage, peptide

purification, and lyophilization as the synthesis of oncolytic pep-

tides, the target peptides QY-12 and QY-13 were obtained with

good RP-HPLC purity (42% and 49%, respectively, based on peak

area ratios, Figs. S15 and S16) for crude peptide, and the isolated

yield above 15% for both peptides.

Furthermore, Tris(2-carboxyethyl)phosphine hydrochloride

(TCEP) has been shown to be a highly effective reducing agent

that could selectively reduce disulfide bonds114,122. The purified

QY-12 and QY-13 were mixed with freshly prepared TCEP so-

lution, and then subjected to the RP-HPLC and ESI-MS analysis.

The TCEP based reduction experiment further confirmed the

correct construction of disulfide bonds in QY-12 and QY-13 (Figs.

S15 and S16). To accelerate the coupling efficiency, the DIC/

Oxyma-based condensation system was used for the efficient

manual synthesis of PPCs. To further verify the robustness of the
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DIC/Oxyma based condensation system, the QY-13 prepared by

the HCTU/DIEA based condensation system at 28 ◦C or the DIC/

Oxyma based condensation system at 50 ◦C was analyzed by the

analytical RP-HPLC and ESI-MS (Fig. 8 and Fig. S16). For the

coinjections of QY-13 synthesized by different methods, only one

main peak was detected by the analytical RP-HPLC and ESI-MS

analysis (Fig. 8F). Moreover, for the coinjections of purified QY-

12 (composed of TATE and Clip-71 moieties) and QY-13

(composed of TATE and QY-8 moieties), only one peak was

detected by the analytical RP-HPLC analysis (Fig. S17). These

data proved the robustness of DIC/Oxyma condensation system,

which features with low rate of racemization during peptide

synthesis at 50 ◦C. Collectively, by utilizing of DIC/Oxyma based

manual SPPS, the cost-effective and efficient method was estab-

lished for the preparation of TATE-oncolytic peptide based PPCs,

which will provide valuable references for the synthesis of other

TATE-containing hybrid peptides.

2.8. SSTR2 expression in different cancer cell lines

Somatostatin receptor 2 (SSTR2) is highly expressed in many

solid tumor cells, which could be targeted for selective delivery of

cytotoxic or radiotherapeutic warheads to the tumor tis-

sue16,74,123,124. PDC strategies that specifically bind SSTR2 re-

ceptor have been widely used in the diagnosis and treatment of

cancer111,125. According to previous literature, the SSTR2-high

expressing cancer cell lines (HepG2, 4T1, and MCF-7), and

SSTR2-low expressing cancer cell lines (PANC-1 and PC-3) were

selectively applied for anticancer evaluation of SSTR2-targeting

PPCs126-130. To investigate the differences in SSTR2 protein

expression between different cancer cell lines, the western blotting

was conducted. As illustrated in Fig. 9A and B, consistent with

previous studies126-129, SSTR2 was highly expressed in HepG2,

4T1, and MCF-7 cancer cell lines, while lowly expressed in

PANC-1 and PC-3 cancer cells. These results further verified that

SSTR2 has the potential to be applied in targeted cancer therapy.

According to the results of western blotting, HepG2, 4T1, and

MCF-7 cell lines (high SSTR2 expression) and PANC-1 and PC-

Figure 9 The SSTR2 expression in various cancer cells. (A) The

levels of SSTR2 were measured using Western blotting assay in six

cancer cells. (B) Quantification of SSTR2 using ImageJ. Data are

presented as mean ± SEM (n � 3). P values were determined by

multiple comparisons after one-way ANOVA. ***P < 0.001, ns: not

significant.

Figure 8 Synthesis and identification of TATE-Oncolytic peptides. (A) The amino acid sequence of TATE-Oncolytic peptide based PPCs (up

QY-12, down QY-13), consisting of the SSTR2-binding peptide fragment and the lytic peptide fragment. (B) Calculated secondary structure model

of QY-12 and QY-13 (generated by the MOE 2014. 0901). (C) The synthetic route of TATE-oncolytic peptide based PPCs. (D) The RP-HPLC

spectra of QY-13 synthesized by the HCTU/DIEA condensation system at 28 ◦C. (E) The RP-HPLC spectra of QY-13 synthesized by the DIC/

Oxyma condensation system at 50 ◦C. (F) RP-HPLC and ESI-MS spectra of coinjections of QY-13 prepared by two condensation systems. RP-

HPLC condition: a linear gradient of 20%− 60% buffer B in buffer A over 30 min (10%− 20% for 2 min, then 20%− 60% for 30 min) on an

Agilent C18 column. The ESI-MS of QY-13 gave the observed mass of 3311.01 (calculated 3311.07 Da, average isotopes).
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3 cell lines (low SSTR2 expression) were selected and applied for

the subsequent cytostatic experiments.

2.9. The interaction between TATE-oncolytic peptide based

PPCs and SSTR2

In order to verify the binding of PPC QY-13 with SSTR2, the

Amber software was utilized to perform 50 ns of molecular dy-

namics simulations on the QY-13-SSTR2 complex131. As

demonstrated in Fig. 10A, the TATE sequence, which functions as

the primary binding site of QY-13, exhibits a profound penetration

into the pocket of SSTR2. AEEA fulfills a role as a linker,

effectively separating the TATE sequence from the lytic peptide

sequence. Additionally, it has been observed to form hydrogen

bond interactions with certain amino acids (Fig. 10B).

As illustrated in Supporting Information Fig. S26A, the TATE

sequence demonstrates a low root mean square fluctuation

(RMSF) value (0‒5 Å)132, while lytic peptide sequence exhibits

high flexibility due to the absence of spatial constraints. The root

mean square deviation (RMSD) can be used to measure the sta-

bility of QY-13-SSTR2 complex133,134. Specifically, QY-13

demonstrated stable RMSD values during the 50 ns simulation

(Fig. S26B). It is noteworthy that the lytic peptide sequence

demonstrates increased flexibility, and the complex-c (SSTR2-

QY-13 after removal of the lytic peptide sequence) and ligand-c

(QY-13 after removal of the lytic peptide sequence) regions,

exhibit lower RMSD values (Fig. 10C). This further substantiates

the stability of the core region. Furthermore, Molecular Mechanics

Generalized Born/Surface Area (MMGB/SA) binding free energy

was calculated of QY-13 and SSTR2 receptors135,136. As demon-

strated in Fig. 10D, the TATE sequence contributed to the majority

of the binding free energy. In summary, the computer simulation

indicated that PPC QY-13 exhibits a robust binding to the SSTR2

receptor.

2.10. Western blotting results of pull-down fraction

To further investigate the effect of oncolytic peptides and AEEA

linker on the interaction between TATE and SSTR2, the pull-down

experiments were conducted (Fig. 10E) 137-139. To achieve the

pull-down assay, peptides QY-14, QY-15, and QY-16 were

designed and synthesized by conjugating Biotin to the N-terminus

of TATE, QY-8, and QY-13, respectively (Table 2, Fig. S18‒S20).

The pull-down experiments were analyzed by western blotting

using anti-SSTR2 specific antibodies. The results showed that QY-

16 had an affinity for SSTR2 that was equivalent to 0.8 times that

of QY-14 at the same concentration, whereas both the Biotin and

QY-15 groups did not show detectable protein bands of SSTR2

(Fig. 10F). These results indicated that the SSTR2 protein could

be captured by TATE, but not by Biotin or oncolytic peptide.

Using the concentration of 25 μmol/L QY-14 or QY-16, the

relative SSTR2 binding in the QY-16 group was slightly lower

than that in the QY-14 group, suggesting that conjugation with the

oncolytic peptide QY-8 may reduce TATE’s affinity for SSTR2.

Figure 10 Evaluation of the affinity of peptide QY-13 with SSTR2. (A) Binding mode of QY-13 at the SSTR2 (pink cartoons) obtained through

over 50 ns MD simulations. (B) Binding model of AEEA of QY-13 at the SSTR2 receptor. (C) Root mean square deviation (RMSD) of the

backbone of the complex-c and ligand-c in MD trajectories. (D) Bar statistics of total binding free energies (shown as ΔG) of each amino acids of

QY-13 toward SSTR2. ΔG was calculated and shown as the mean ± SEM. (E) Validation of QY-16-SSTR2 binding by Western blotting. MCF-

7 cell lysates were incubated with Biotin (25 μmol/L), QY-14 (25 μmol/L), QY-16 (25 μmol/L), QY-16 (50 μmol/L), or QY-15 (25 μmol/L) at

4 ◦C overnight. The lysates were used for streptavidin pull down assays, and the precipitates were separated by SDS-PAGE, followed by western

blotting analysis. Input: 5% of cell lysate. (F) Quantitative analysis of the relative binding of different treatment agents to SSTR2. Signal in-

tensities of pull-downed samples were normalized relative to those of input. Data are presented as mean ± SD (n � 3). All P values were

determined by multiple comparisons after one-way ANOVA. *P < 0.05, ns: not significant.
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Meanwhile, 50 μmol/L QY-16 exhibited comparable SSTR2

binding ability as that of 25 μmol/L QY-14, suggesting that the

conjugation of oncolytic peptide and AEEA linker may not

significantly impair the binding between TATE and SSTR2.

Moreover, these observations align with the results of molecular

dynamics simulations, verifying the high binding affinity between

TATE and SSTR2 (Fig. 10A). Nevertheless, it should be pointed

out that more detailed assays such as surface plasmon resonance

(SPR) are required to investigate the binding affinity between

hybrid peptides and SSTR223,24,140. Collectively, the pull-down

assays confirmed that the binding affinity of TATE toward

SSTR2 could be retained after conjugation with oncolytic pep-

tides, and the TATE-oncolytic peptide QY-13 still possessed

specific binding affinity toward SSTR2.

2.11. In vitro cytostatic effects of TATE-oncolytic peptides based

PPCs

To evaluate the in vitro cytotoxic effects of TATE-oncolytic pep-

tide based PPCs, the in vitro anti-proliferation effects were

investigated against SSTR2 high-expressed cancer cell lines MCF-

7, HepG2, and 4T1, SSTR2 low-expressed cancer cell lines

PANC-1 and PC-3, and the normal cell line MRC-5 (Table 4 and

Supporting Information Fig. S27). As shown in Table 4, consistent

with reported results, the SSTR2-specific binding peptide TATE

exhibited a weak anti-proliferation effect against both cancer and

normal cell lines, with the IC50 values above 100 μmol/L

throughout the experiments114-116. Meanwhile, Clip-71 exhibited

moderate cytotoxicity (IC50 > 50 μmol/L) against MCF-7, 4T1,

PANC-1, and PC-3 cells, while QY-8 showed improved cytotoxic

effects with IC50 values ranging from about 10 to 50 μmol/L.

Nevertheless, it was found that HepG2 cells exhibited resistance to

Clip-71 and QY-8, with IC50 above 100 μmol/L for both oncolytic

peptides. Consistent with the cytostatic observations in Table 3,

these data further verified that D-type amino acid substitutions

could improve the in vitro anticancer efficacy of Clip-71.

Compared with free Clip-71, the TATE-oncolytic peptide

based PPCs QY-12 and QY-13 exhibited improved anti-

proliferation effects against all five cancer cell lines. Especially,

QY-12 and QY-13 could effectively inhibit the proliferation of

HepG2 cells which were resistant to both Clip-71 and QY-8.

Compared with Clip-71, QY-12 exhibited at least 3.1-fold increase

in killing effect against the SSTR2 high-expressed cancer cell

lines (MCF-7, HepG2, and 4T1). On the contrary, for the SSTR2

low-expressed cancer cell lines (PANC-1 and PC-3), QY-12

exhibited about 1.3-fold increase compared with Clip-71. Of note,

compared with Clip-71, QY-13 exhibited more than 10-fold in-

crease in killing effects against the SSTR2 high-expressed cell

lines (MCF-7, HepG2, and 4T1), while only about 2-fold increase

against SSTR2 low-expressed cell lines (PANC-1 and PC-3).

Besides, the SIb values were applied to characterize the differen-

tial cytotoxicity of peptides against cancer cells with high and low

expression of SSTR2. The SIb value of QY-8 was 1.9, while that of

QY-13 was calculated to be 6.5, which suggested that QY-13

exhibited stronger killing activity against SSTR2-high express-

ing cancer cells. The different anti-proliferation effects between

SSTR2 high- and low-expressed cancer cell lines may be attrib-

uted to the fact that TATE in QY-12 and QY-13 interacted with

surface receptor SSTR2, which then improves the membrane

interaction and disruption efficiency of oncolytic peptide.

The selectivity indexes SIa (IC50 normal cells/IC50 cancer

cells) have been widely applied to preliminarily analyze the se-

lective anti-proliferation effects of oncolytic peptides141. Espe-

cially, MRC-5 has been widely utilized as the normal cells to

compare the selectivity of oncolytic peptides28,30,142. Therefore, to

investigate the selectivity of TATE-oncolytic peptide based PPCs,

the SIa values (SIa � IC50 MRC-5/IC50 MCF-7) were determined

by calculating the ratios between the IC50 values of normal MRC-

5 cells and IC50 values of SSTR2 high-expressed MCF-7 cells.

The parent Clip-71 and D-type peptide QY-8 exhibited weak

selectivity against MCF-7, with SIa values of 1.0 and 1.6,

respectively (Table 4). On the contrary, QY-12 and QY-13

possessed improved selectivity, with SIa values of 2.3 and 5.0,

respectively, which were higher than those of Clip-71 and QY-8.

Promisingly, the IC50 values of QY-13 for MCF-7, HepG2 and

4T1 cancer cell lines ranged from 5.3 to 9.3 μmol/L, while the

IC50 value was 26.5 μmol/L against the normal cell MRC-5,

suggesting the robust selectivity of QY-13 for SSTR2 high-

expressed cancer cells. Collectively, the SIa values indicated that

the conjugation of tumor targeting peptide TATE may improve the

selectivity of oncolytic peptides. Moreover, QY-13, which con-

tains the D-type oncolytic peptide QY-8, exhibited superior

selectivity for cancer cells in comparison to QY-12 containing

L-type oncolytic peptide Clip-71.

Compared with free Clip-71 or free QY-8, the TATE-QY-8

based PPC (QY-13) exhibited significantly improved activity and

selectivity against cancer cells. To investigate whether covalent

ligation of TATE is necessary for these improvements, the

different combinations (noncovalent application) of free TATE

and free QY-8 were applied to test their cytotoxic effects against

Table 4 IC50 values (μmol/L) of TATE-Oncolytic peptides based PPCs.

Combined agents Agent SSTR2 high expression SSTR2 low expression MRC-5 SIa SIb

MCF-7 HepG2 4T1 PANC-1 PC-3

— Clip-71 53.9 � 2.1 >100 74.6 � 5.6 59.6 � 5.6 51.7 � 1.3 54.5 � 2.6 1.0 1.1

— QY-8 23.0 � 0.8 >100 11.8 � 4.8 42.7 � 3.8 26.8 � 2.0 36.8 � 3.1 1.6 1.9

— QY-12 17.2 � 2.4 22.4 � 4.6 11.7 � 1.8 41.0 � 2.4 40.2 � 2.9 39.0 � 4.3 2.3 2.4

— QY-13 5.3 � 0.6 9.3 � 2.1 5.6 � 0.4 34.2 � 1.7 23.3 � 3.6 26.5 � 1.9 5.0 6.5

— TATE >100 >100 >100 >100 >100 >100 — —

10 μmol/L TATE QY-8 25.3 � 2.5 — — — — — — —

10 μmol/L QY-8 TATE >100 — — — — — — —

TATE: QY-8 � 1:1

(molar ratio)

23.2 � 1.3 — — — — — — —

The data are presented as the mean ± SEM (n � 3). SIa � IC50(MRC-5)/IC50(MCF-7). SIb � IC50(PANC-1)/IC50(MCF-7). Incubation time: 24 h

‒ Not applicable.
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SSTR2 high-expressed MCF-7 cells. Table 4 and Supporting In-

formation Fig. S28 indicated that regardless of the mixed pro-

portions of TATE and QY-8, all three types of noncovalent

administrations did not improve the in vitro anticancer activity of

QY-8. Meanwhile, most of the combination index (CI) values

were above 1, suggesting that the noncovalent administration did

not produce obvious synergistic effects of anticancer activity or

selectivity (Supporting Information Table S2)143,144. The above

data illustrated that covalent ligation is necessary for improving

the anticancer activity and selectivity of oncolytic peptides.

Collectively, the conjugation of TATE moieties to oncolytic pep-

tides may improve the anticancer potential of oncolytic peptides,

and the obtained TATE-D-type oncolytic peptide based PPC (QY-

13) exhibited significantly improved activity and selectivity

against SSTR2 high-expressed cancer cells. Nevertheless, it

should be noted that further detections such as the affinity assays

are required to investigate the detailed role of TATE in TATE-

oncolytic peptide based PPC.

2.12. In vitro cytostatic effects of QY-13 against drug-resistant

cancer cell lines

Besides the evaluation of conventional in vitro cytostatic effects,

this study also studied the in vitro activity of QY-13 against drug-

resistant cancer cell lines, and compared its synergistic effect with

traditional chemotherapeutic drugs doxorubicin (DOX) and

cisplatin (DDP). The doxorubicin-resistant MCF-7/ADR cell line

and cisplatin-resistant MDA-MB-231/DDP cell line were selected

and tested following established methods145. As shown in Table 5

and Supporting Information Fig. S29, compared with wild-type

cell lines, the killing activity of DOX against MCF-7/ADR cells

decreased by 30.5-fold, and that of cisplatin against MDA-MB-

231/DDP cells decreased by 7.3-fold. Consistent with previous

reports146-148, these results confirm that the selected cancer cell

lines possessed stable drug resistance. Meanwhile, the in vitro

killing activity of QY-13 against the above-mentioned drug-

resistant cancer cell lines was evaluated. It was found that QY-13

exhibited comparable inhibitory activity against both wild type

and drug-resistant cancer cell lines, indicating its potent in vitro

cytotoxic effect on clinically drug-resistant cancer cells (Table 5).

Previous studies indicated that oncolytic peptides may reverse

tumor chemoresistance and enhance drug sensitivity6,149. Thus,

we investigated whether QY-13 at different concentrations could

enhance the sensitivity of drug-resistant cancer cells to chemo-

therapy drugs DOX and DDP. The reversal fold (RF) was used to

evaluate the resistance-reversing efficacy of QY-13, with RF > 1

indicating enhanced drug sensitivity150,151. As shown in Table 5,

QY-13 at 2 and 4 μmol/L significantly increased the sensitivity of

MCF-7/ADR cells to DOX, with RF values of 1.56 and 4.77,

respectively. In MDA-MB-231/DDP cells, QY-13 also exerted a

comparable effect by enhancing the sensitivity of drug-resistant

cells to cisplatin, with RF values of 1.59 and 5.23. Collectively,

these results indicated that QY-13 not only exerted potent in vitro

killing activity against drug-resistant cancer cells, but also

enhanced the sensitivity of drug-resistant cancer cells to chemo-

therapy drugs.

2.13. Time-kill curve assay for TATE-Oncolytic peptide based

PPCs

The above serum stability test and time-kill curve assay for Clip-

71-derived peptides showed that the prototype peptide Clip-71

may be rapidly degraded by various protease, resulting in low

stability and short anticancer durability, while D-type oncolytic

peptides represented by QY-8 showed excellent proteolytic sta-

bility and durable anticancer efficiency. Since the TATE moiety

may be degraded at the cellular level, to investigate the anticancer

durability of TATE-oncolytic peptide based PPCs (QY-12 and QY-

13), the time-kill curve assay was conducted. The SSTR2-high

expressing cancer cell lines 4T1 and MCF-7 were selected and

applied for the time-kill curve assay. As the in vitro cytostatic

experiments indicated that the IC50 values for QY-8, QY-12, QY-

13 against the MCF-7 and 4T1 cancer cells ranged from about 5 to

20 μmol/L, the intermediate concentration (10 μmol/L) was

applied for the time-kill curve assay. 10 μmol/L of each peptide

was co-incubated with MCF-7 or 4T1 cells at 37 ◦C for 4, 12, 24,

36, 48, and 72 h, respectively. The viabilities of 4T1 and MCF-

7 cells at different time points were evaluated by MTT test.

It was found that 10 μmol/L treatment of Clip-71 exhibited

weak inhibition against both MCF-7 and 4T1 cancer cells with the

inhibition rates below 20% from 0 to 72 h, which was consistent

with the high IC50 values of Clip-71 (Fig. 11A). On the contrary,

QY-12 could more efficiently inhibit cancer cell proliferation

against both MCF-7 and 4T1 cells, indicating that the conjugation

of TATE could improve the anticancer efficiency of Clip-71.

Nevertheless, with time prolonged, the antiproliferative effects

of QY-12 gradually reduced, with the inhibition rates of 18% and

30% against MCF-7 and 4T1 cells respectively at 72 h, which may

be attributed to the degradation of QY-12. Besides, consistent with

the high in vitro IC50 values, the 10 μmol/L treatment of QY-8

exhibited moderate inhibition against 4T1 and MCF-7 from 4 to

72 h.

Notably, the QY-13, which was obtained through the hybridi-

zation of TATE and D-type oncolytic peptide QY-8, could induce

rapid inhibition of cancer cells with 4 h, with the inhibition rates

of 70% and 60% for 4T1 and MCF-7, respectively. With time

prolonged, the antiproliferative effects of QY-13 gradually

increased, with inhibition rates above 80% against 4T1 and MCF-

Table 5 Effect of QY-13 on IC50 values (μmol/L) of free DOX or free Cisplatin in resistant cell lines MCF-7 and MDA-MB-231.

Combined agents agent MCF-7 MCF-7/ADR MDA-MB-231 MDA-MB-231/DDP RF

— QY-13 4.9 � 0.8 5.4 � 0.7 11.4 � 3.1 12.3 � 1.4 —

0 μmol/L QY-13 DOX 1.5 � 3.1 45.8 � 1.2 — — —

0 μmol/L QY-13 DDP — — 8.0 � 1.2 58.6 � 3.2 —

2 μmol/L QY-13 DOX 29.4 � 2.2 — 1.56

4 μmol/L QY-13 DOX 9.6 � 5.6 — 4.77

5 μmol/L QY-13 DDP — 36.8 � 2.1 1.59

10 μmol/L QY-13 DDP — 11.2 � 1.8 5.23

The data are presented as the mean ± SEM (n � 3). Incubation time: 48 h ‒ Not applicable.
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7 at 24 h. Strikingly, different from the Clip-71, QY-8, and QY-12,

all of which exhibited moderate inhibition efficiency or gradually

lost anticancer ability from 24 to 72 h, QY-13 showed outstanding

antiproliferative effects throughout the experiments, remaining

inhibition rates above 80% at 72 h. Collectively, the time-kill

curve assay indicated that PPC QY-13 possessed potent and du-

rable anticancer effects until 72 h. Moreover, the conjugation of

TATE could significantly improve the anticancer potency and

durability of Clip-71-derived peptides.

2.14. Serum stability of TATE-Oncolytic peptide based PPCs

In order to evaluate the protease stability of the TATE-oncolytic

peptides based PPCs (QY-12 and QY-13), the in vitro stability tests

were conducted in 10% human serum at 37 ◦C. The analytical RP-

HPLC and ESI-MS were used to monitor the integrity of peptides

(Clip-71, QY-8, QY-12 and QY-13) from 0 to 72 h (Fig. 11B‒D).

Serum stability tests showed that Clip-71 was almost completely

digested within 36 h, while QY-12 was nearly completely

degraded within 8 h. The half-life of Clip-71 was calculated to be

about 2.5 h, while the half-life of QY-12 was only about 1.2 h. As

expected, the short half-lives of Clip-71 and QY-12 indicated that

L-type oncolytic peptide sequence could be rapidly digested.

Moreover, compared with Clip-71, QY-12 was more easily

degraded, which may be attributed to the degradation of TATE

moiety. Especially, TATE contains the disulfide bond and lysine

(K) residue, both of which tend to be degraded in the serum

environments.

Notably, unlike the L-type peptides Clip-71 and QY-12, it was

found that the TATE-D-type oncolytic peptide based PPC QY-13

was relatively stable and exhibited resistance to human serum

in vitro (Fig. 11C). Different from the rapid degradation of Clip-71

and QY-12, only 25% and 31% degradations of QY-13 were

detected at 8 and 24 h, respectively. After 72 h incubation, 55% of

full-length QY-13 could still be detected (Fig. 11D). Nevertheless,

it should be pointed out that compared with the D-type oncolytic

peptide QY-8 that was highly stable throughout experiments, QY-

13 exhibited reduced proteolytic stability, which may be attributed

to the degradation of TATE moiety. Collectively, the conjugation

of TATE may reduce the stability of oncolytic peptides, and thus

PPC QY-13 exhibited lower stability than the D-type oncolytic

peptide QY-8. Previous studies have shown that disulfide bonds

may be unstable in serum152-154. The LC‒MS analysis was

employed to monitor the stability of QY-13 in the serum, which

indicated that the new HPLC peak 13* may be the disulfide bond-

cleaved form of QY-13 (Supporting Information Fig. S30).

Combined with the retention time and molecular weight of QY-13

co-incubated with TCEP, it is speculated that the disulfide bonds

of QY-13 may be cleaved in serum (Fig. S30). Nevertheless,

compared with the prototype Clip-71 and L-type oncolytic peptide

based PPC QY-12, the D-type oncolytic peptide based PPC QY-13

possessed significantly higher protease stability and satisfactory

integrity even after 72 h incubations in human serum.

2.15. Anti-migration effect of Clip-71 and QY-13

The overexpression of SSTR2 is associated with cancer cell

migration, which is considered as one of the main causes of death

for cancer patients155-157. To evaluate the anti-migration effect of

Clip-71 and QY-13, the scratch healing assay was conducted on

Figure 11 The time-kill curve assays and serum stabilities of TATE-Oncolytic peptide based PPCs. (A) Inhibition rate of peptides (10 μmol/L)

against 4T1 (left) and MCF-7 (right) at the given treatment time. Data are presented as mean ± SEM (n � 3). (B, C) Analytical RP-HPLC spectra

of the hydrolysis of QY-12 (B) and QY-13 (C) by human serum (10%, v/v). (D) Human serum stability of Clip-71, QY-8, QY-12 and QY-13

(100 μmol/L tested concentration for each peptide, monitored by the analytical RP-HPLC and ESI-MS). Data are presented as mean ± SD

(n � 3).
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the SSTR2-high expressing MCF-7 cancer cells. As expected,

compared with the DMSO-treated group, the migration of the

MCF-7 cells was more significantly hampered by Clip-71 and QY-

13 (Fig. 12A). Especially, QY-13, which exhibited potent in vitro

cytostatic effects, exhibited the strongest anti-migration ability on

MCF-7 cells throughout the tests. Of note, 200 nmol/L of QY-13

(13% and 29% of relative mobility at 12 and 24 h respectively)

exhibited stronger anti-migration effects than even 2 μmol/L of

Clip-71 treated groups (36% and 54% of relative mobility at 12

and 24 h respectively) (Fig. 12A and B).

With the concentration increasing from 200 to 400 nmol/L, the

migrations of cancer cells were more efficiently inhibited by QY-

13, with 5% and 16% of relative mobility at 12 and 24 h,

respectively. In contrast, there was no significant difference in the

anti-migration ability between Clip-71 and TATE plus QY-8

treated groups, indicating that the non-covalent administration of

TATE and QY-8 did not improve the anti-migration efficiency.

Collectively, the wound healing tests suggested that conjugating

oncolytic peptide with tumor-targeting peptide TATE could

significantly enhance the anti-migration effect of oncolytic pep-

tides on SSTR2 high-expressed cancer cells, which should be

attributed to TATE-mediated binding to SSTR2.

2.16. Anticancer mechanism of TATE-Oncolytic peptide based

PPCs

To enhance the anticancer potency and selectivity of oncolytic

peptide, the novel tumor-targeting peptide and oncolytic peptide

based conjugates (PPCs) were developed. The above cytostatic

effect tests, time-kill curve and anti-migration assay indicated that

QY-13, obtained by the conjugation of TATE and D-type oncolytic

peptide QY-8, possessed durable anticancer effects against cancer

cell lines within 72 h. Just like QY-8, QY-13 could effectively

prolong the action time and overcome the stability problem of

L-type oncolytic peptide Clip-71. More importantly, compared

with QY-8, QY-13 exhibited significantly improved anticancer

selectivity and higher activity against SSTR2 high-expressed

cancer cells. Subsequently, the preliminary anticancer mecha-

nism of the QY-13 was investigated for the membranolytic effect

and cellular uptake assays.

2.16.1. Membranolytic effects of Clip-71, QY-8 and QY-13

Our above membranolytic effect assay showed that oncolytic

peptides Clip-71 and QY-8 could disrupt cancer cell membranes,

which induces the rapid death of cancer cells. Compared with

D-type oncolytic peptide QY-8, the IC50 data indicated that the

TATE-QY-8 based PPC (QY-13) exhibited significantly improved

activity and selectivity against SSTR2 high-expressed cancer

cells. To investigate the cell membrane disrupting effect of QY-13,

the membrane integrity assay was performed against SSTR2 high-

expressed cancer cell line MCF-7 and SSTR2 low-expressed

cancer cell line PANC-1. After the treatment of negative control

DMSO, Clip-71, QY-8, QY-8 plus TATE, or QY-13, the PI/

Hoechst 33258 costaining was conducted. Subsequently, with

the loss of cell membrane integrity, the cancer cells will gradually

emit red fluorescence.

As depicted in Fig. 13A and C, the treatment of DMSO did not

induce obvious red fluorescence within 90 min, and fewer than 5%

of whole MCF-7 cells were stained by PI throughout the test. On

the contrary, after treatment with 10 μmol/L Clip-71 or QY-8,

cancer cells emitting red fluorescence were gradually increased

from 10 min to 90 min. Meanwhile, 25% and 64% of MCF-7

cancer cells stained by PI were observed for Clip-71 and QY-8

respectively at 90 min. These data indicated that both oncolytic

peptides possessed membranolytic effect. Moreover, the D-type

oncolytic peptide QY-8 possesses the stronger membrane-lytic

efficiency than the prototype Clip-71, which was consistent with

the potent in vitro anticancer activity of QY-8 (Table 3). In

addition, there was no obvious differences in PI positive cancer

cells between the QY-8 plus TATE and QY-8 treated groups,

indicating that the non-covalent combinations of QY-8 and TATE

did not enhance the membranolytic ability of QY-8.

Strikingly, compared with Clip-71, QY-8, or QY-8 plus TATE

treated groups, PPC QY-13 exhibited the most rapid and potent

membranolytic effect against MCF-7 cancer cells. As depicted in

Fig. 13A and C, 30 min treatment of 10 μmol/L QY-13 induced

obvious red fluorescence in MCF-7 cells, which was significantly

higher than all other groups. Moreover, the red fluorescence

increased over time and 83% of whole MCF-7 cells were stained

by PI at 90 min for the QY-13 treated group, indicating that the

membrane integrity of most MCF-7 cells was changed by QY-13.

Figure 12 Anti-migration effects of Clip-71 and QY13 against MCF-7 cells. (A) Images of cell migration at 0, 12, and 24 h (objective

magnification × 10). The MCF-7 cancer cells were treated with DMSO, 2 μmol/L Clip-71, 2 μmol/L QY-8 plus 2 μmol/L TATE, 200 nmol/L QY-

13 and 400 nmol/L QY-13. (B) Quantification of the relative mobility. *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant. Data are

presented as mean ± SD (n � 3).
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On the contrary, for the SSTR2 low-expressed PANC-1 cancer

cells, the treatment of 10 μmol/L QY-13 did not induce obvious

red fluorescence, where fewer than 25% of whole PANC-1 cells

were stained by PI within 90 min (Fig. 13B and D, Supporting

Information Fig. S31). Consistent with the moderate cytotoxicity

(IC50 > 30 μmol/L), QY-13 did not exhibit potent membranolytic

effects against the PANC-1 cells. Collectively, QY-13 possessed

the rapid and potent and membranolytic activity against SSTR2

high-expressed MCF-7 cancer cells, which may be one of the

reasons for the increased in vitro anticancer activity of QY-13

against SSTR2 high-expressed cancer cells. Of note, compared

with QY-8 or QY-8 plus TATE treated group, QY-13 exhibited

significantly improved membrane-disrupting effects, which may

be attributed to the interaction between TATE in QY-13 and

SSTR2 protein.

2.16.2. The morphological changes of MCF-7 cancer cells

treated with QY-8 or QY-13

The morphological changes of MCF-7 cancer cells treated with

QY-8 or QY-13 were observed by transmission electron micro-

scopy (TEM, Fig. 13E)158. After being treated with 2 μmol/L of

QY-8 for 12 h, no significant morphological changes were

observed in MCF-7 cells. In contrast, 1 μmol/L treatment of QY-

13 caused the fragmentation of cell membrane, while the treated

cell nucleus appeared intact. QY-13 at a concentration of 2 μmol/L

triggered the moderate cell membrane rupture. Especially, QY-13

at a concentration of 4 μmol/L significantly caused the rupture of

cell membrane and the leakage of nuclear components. The

morphological changes in MCF-7 cancer cells indicated that QY-

13 could dose-dependently disrupt the integrity of cancer cell

membrane, while further triggering the leakage of nuclear

Figure 13 Membranolytic effect of TATE-oncolytic peptide based PPCs. (A‒B) PI/Hoechst 33258 costaining of MCF-7 (A) and PANC-1

(B) cancer cells (objective magnification, 10 × ). The MCF-7 cancer cells were treated with DMSO, 10 μmol/L Clip-71, 10 μmol/L QY-8,

10 μmol/L QY-8 plus 10 μmol/L TATE, or 10 μmol/L QY-13. The PANC-1 cancer cells were treated with 10 μmol/L QY-13. (C‒D) Quanti-

fication of PI-positive cells in MCF-7 (C) and PANC-1 (D) cells using ImageJ. Data are presented as mean ± SD (n � 3). One-way ANOVA was

applied for multiple comparisons. *P < 0.05, ***P < 0.001, ns: not significant. (E) MCF-7 cells were treated with DMSO, 2 μmol/L QY-8,

1 μmol/L QY-13, 2 μmol/L QY-13 and 4 μmol/L QY-13 for 12 h followed by transmission electron microscopy observations.
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components. Meanwhile, the analysis of mitochondrial membrane

potential indicated that Clip-71 and QY-8 did not change the

mitochondrial membrane potential, suggesting that Clip-71 and

QY-8 did not obviously destroy the mitochondrial membrane of

cancer cells (Fig. S25). Still, it should be pointed out that more

accurate experiments are needed to investigate the specific

mechanism of QY-13 inducing the rupture of cell membrane and

the leakage of nuclear component.

2.16.3. The cellular uptake of QY-13

The above membranolytic assay showed that the membranolytic

ability of QY-13 was significantly higher than those of Clip-71 and

QY-8. Moreover, QY-13 exhibited stronger membranolytic effects

against cancer cells with high expression of SSTR2 than those

with low expression of SSTR2. To investigate the potential rea-

sons why QY-13 possessed potent membranolytic effect against

the SSTR2-high expressed cancer cells, the cellular uptake and

subcellular localization of QY-13 were explored by the live-cell

imaging experiment. To monitor the uptake and subcellular

localization of QY-13 in MCF-7 and PANC-1 cell lines, the

typical fluorescent group 7-DCCA was attached to the N-terminal

of QY-13, affording the fluorescent probe QY-17 (Supporting In-

formation Fig. S21). The cytostatic assay indicated that the

attachment of fluorescent group 7-DCCA did not attenuate the

activity of QY-17 (Table 4 and Table S1). As shown in Fig. 14, the

nucleus of cancer cells was stained green by SYBR Green I, while

QY-10 (composed of 7-DCCA and D-type oncolytic peptide QY-

8), QY-17 (composed of 7-DCCA and QY-13) or free 7-DCCA

emitted blue fluorescence.

For the SSTR2-high expressed MCF-7 cells, obvious blue

fluorescence could be detected after 15 min administration of QY-

17 (Fig. 14A). With the extension of incubation time, the blue

fluorescence gradually increased, and the ratio of blue to green

fluorescence intensity reached about 3.2 at 90 min for the QY-17

treated group (Fig. 14C). Especially, compared with the QY-10

treated group, stronger blue fluorescence in the QY-17 treated

group could be detected throughout the experiment (Fig. 14C).

Moreover, for the noncovalent combination of 7-DCCA and QY-

13, weak blue fluorescence was detected for MCF-7 cells, with

the ratios of blue to green fluorescence intensity below 0.05 within

90 min (Fig. 14C). The absence of blue fluorescence suggested

that free 7-DCCA could not label or enter cancer cells, and free

QY-13 could not help 7-DCCA enter cancer cells within a short

treatment time. Collectively, these data indicated that the attach-

ment of TATE could significantly facilitate the cellular uptake of

oncolytic peptide into cancer cells, which contributed to the

improved in vitro anticancer potency of QY-13.

To further verify that the binding of TATE and SSTR2 pro-

motes cellular uptake of QY-13, MCF-7 cells were first incubated

with TATE and then treated with QY-17 for 15‒90 min. Of note,

pre-incubation of TATE significantly reduced the intensity of blue

fluorescence, with an obvious decrease in the ratios of blue to

green fluorescence intensity within 15‒90 min (Fig. 14A and C).

The reduction of blue fluorescence indicated that pre-incubation

of TATE impaired the cellular uptake of QY-17. Moreover, the

Figure 14 The cellular uptake of TATE-Oncolytic peptide based PPCs. (A) Fluorescence imaging of MCF-7 cells treated with QY-10, QY-17,

QY-13 plus 7-DCCA, and QY-17 (MCF-7 cells preincubated with TATE). (B) Fluorescence imaging of PANC-1 cells treated with QY-10 and QY-

17. (C, D) Quantification of fluorescence intensity of TATE-oncolytic peptide based PPCs on MCF-7 (C) and PANC-1 (D) cells using imageJ.

Data are presented as mean ± SD (n � 3). One-way ANOVA was applied for multiple comparisons. **P < 0.01, ***P < 0.001, ns: not

significant.
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cellular uptake of QY-13 was also investigated in the SSTR2-low

expressed PANC-1 cells (Fig. 14B). The moderate blue fluores-

cence was detected in PANC-1 cells treated with either QY-10 or

QY-17 within 60 min (Fig. 14D). Especially, there were no sig-

nificant differences in blue fluorescence intensity between PANC-

1 cells treated with either QY-10 or QY-17 group, both group of

which exhibited much lower blue fluorescence intensity than the

MCF-7 group treated with QY-17. Taken together, QY-13

exhibited significantly higher cellular uptake ability than other

oncolytic peptides, which helped the improved anticancer activity

of QY-13 toward SSTR2-high expressed cancer cells. Moreover,

the interaction between TATE and SSTR2 may facilitate the

binding and cellular uptake of QY-13 in entering SSTR2-high

expressed cancer cells.

2.17. Hemolytic activity of TATE-oncolytic peptide based PPCs

Previous studies have reported that the administration of oncolytic

peptides may induce the lysis of red blood cells and the clinical

application of oncolytic peptides may be hindered by their severe

hemolysis31,159. To investigate the hemolysis effect and prelimi-

narily evaluate the safety of Clip-71, Clip-71-derived peptides,

and TATE-oncolytic peptide based PPCs, the hemolysis assay was

performed using the whole fresh mouse blood. The test concen-

trations of Clip-71, QY-8, QY-12, and QY-13 were 0.5 × IC50,

1 × IC50, 2 × IC50, 4 × IC50, 8 × IC50, and 16 × IC50. Triton

X-100 and PBS (1 × ) treated groups were used as positive and

negative controls, respectively. Overall, Fig. 15 indicated that all

tested peptides caused the dose-dependent hemolysis at concen-

trations ranging from 0.5 × IC50 to 16 × IC50. Like other onco-

lytic peptides, the prototype peptide Clip-71 exhibited severe

hemolytic effects, with the hemolysis rates above 9%, 12%, and

18% at the concentrations of 1 × IC50, 2 × IC50, and 4 × IC50

respectively. At a peptide concentration of 8 × IC50, the hemolysis

rate of Clip-71 increased dramatically to 31%.

Interestingly, QY-8, which was obtained through L-type to

D-type amino acid substitutions, exhibited weak hemolytic ef-

fects, with the hemolysis rates below 15% at all tested concen-

trations. In addition, even at a maximum concentration of

16 × IC50, only 13% of erythrocytes were destroyed by QY-8,

indicating that L-type to D-type amino acid substitutions may

attenuate the undesired hemolytic activity. Meanwhile, the QY-12

and QY-13 showed low hemolytic effects, destroying only 15%

and 10% of erythrocytes even at the concentration of 8 × IC50.

Especially, the hemolysis effect of hybrid peptide QY-13 was

comparable to that of QY-8 at 0.5 to 8 × IC50 concentrations,

suggesting that the conjugation of tumor-targeting peptide TATE

did not improve the hemolysis effects.

It is worth mentioning that at working concentrations

(1 × IC50, about 5 μmol/L), only 3% of erythrocytes were

destroyed by QY-13. Collectively, the hemolytic activity assay

suggested that L-type to D-type amino acid substitutions could

attenuate the undesired hemolytic effects of oncolytic peptides.

Especially, the TATE-D-type oncolytic peptide based PPC QY-13

showed low hemolytic effects at its working concentrations.

Nevertheless, it should be pointed out that in vitro hemolysis assay

is not sufficient data, further explorations are required to investi-

gate the detailed toxicity of Clip-71 and QY-13 against normal

human cells. Meanwhile, the hematoxylin-eosin (H&E) staining,

which is used to preliminarily explore the toxicity of peptides on

normal mouse tissues, will be discussed below.

2.18. QY-13 significantly inhibited cancer growth in mice

To further investigate the in vivo anticancer activity of the QY-13

composed of TATE and D-type oncolytic peptides, the tumor

growth and survival experiments were conducted in the 4T1-Luc

tumor-bearing mouse model (Fig. 16A). The 4T1-luc cells were

injected into the armpits of Balb/c mice (n � 5 mice/group), and

the growth of cancer tissue was monitored by the bioluminescence

imaging (BLI Imaging) using in vivo imaging system (IVIS) for

up to 16 days (Fig. 16A and B)160,161. The vehicle (normal saline),

QY-8 (10 μmol/kg), QY-13 (5 μmol/kg), or QY-13 (10 μmol/kg)

were given through intraperitoneal injection once every two days

respectively, for seven consecutive administrations. The survival

of mice and tumor volume were monitored daily. According to

animal ethical guidelines, the euthanasia was performed through

cervical dislocation when the tumor volume exceeded 2000 mm3

or bleeding ulcers developed.

The bioluminescence signals of total tumor cells were quan-

tified using LivingImage 4.4 (PerkinElmer, USA) (Fig. 16 B and

C). In the saline-treated group, the luminescence intensity reached

to 3.8 × 108 p/s on Day 16, while that of the QY-8-treated group

was 2.55 × 108 p/s, indicating that QY-8 exhibited moderate

antiproliferative activity (Fig. 16B and C). In the QY-13-treated

groups of 5 μmol/kg and 10 μmol/kg, the luminescence signals

Figure 15 Hemolysis effects of Clip-71, QY-8, QY-12 and QY-13.

(A) Images of hemolysis experiments with PBS, TritionX-100 and

different concentrations of QY-13. (B) Hemolysis rates of Clip-71,

QY-8, QY-12 and QY-13. Data are presented as mean ± SEM

(n � 3). Red blood cells treated with 2% Trition X-100 were used as

positive controls, and those treated with PBS were used as negative

control.
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Figure 16 Cancer growth inhibition by QY-8 and QY-13 in 4T1-Luc tumor-bearing mice. (A) Schematic illustration of timeline for the in vivo

anticancer experiment in Balb/c mice bearing 4T1-Luc tumors. (B) In vivo bioluminescence images (BLI) of mice on Days 0, 4, 8, 12 and 16. (C)

Tumor growth curves as determined by quantification analysis of the in vivo bioluminescence signal. Data are presented as mean ± SD (n � 3).

(D) Tumor volume kinetics. Data are presented as mean ± SEM (n � 3). (E) Body weights of the different groups. Data are presented as

mean ± SD (n � 3). (F) Survival analysis of the 4T1-Luc tumor-bearing mice. (G) Images of the excised 4T1-Luc tumors. (H) Weights of the

4T1-Luc tumors. mean ± SD. (I) Ex vivo fluorescent images of different organs and tumors. (J) quantification fluorescence intensity of different

organs and tumors. Data are presented as mean ± SD (n � 3). (K) Representative hematoxylin—eosin (H&E) staining of the heart, liver, spleen,

lung and kidney excised from the mice. All P values were determined by multiple comparisons after one-way ANOVA. *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001, ns: not significant.
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Figure 17 In vitro and in vivo ICD-eliciting·and immunity-activating·effects of QY-8 and QY-13. (A) Quantification analysis of ATP, HMGB1, and

CRT release in MCF-7 cells. MCF-7 cells were treated with DMSO, 6 μmol/L QY-8, or 6 μmol/L QY-13 for 12 h. Amounts of released ATP determined

by a chemiluminescent ATP determination kit. Amounts of released HMGB1 and CRT determined by HMGB-1 ELISA kit and CRT ELISA kit,

respectively. (B) Schematic illustration of timeline for the immunotherapy experiment in Balb/c mice bearing 4T1 tumors. (C, D) Representative

immunofluorescence images of CRT and HMGB1 of tumors after different treatments. Scale bar: 50 μm. CRT: green fluorescence. HMGB1: red

fluorescence. (E, F) Quantitative fluorescence analysis of CRT (E) and HMGB1 (F). (G) Immunohistochemical detection of CD8, Ki67, and CD31 in

4T1 tumor sections. Scale bar: 50 μm. (H‒J) Quantification of CD8 (H), Ki67 (I), and CD31 (J) expression in 4T1 tumor sections. Data are presented as

mean ± SD (n � 3). All P values were determined by multiple comparisons after one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.
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were 1.41 × 108 p/s and 0.61 × 108 p/s on Day 16 respectively,

which are 1.8 and 4.2-fold reduction in luminescence intensity

compared to QY-8-treated group. The real time fluorescence

monitoring showed that the QY-13 exhibited outstanding in vivo

anti-proliferative activity, which is significantly higher than of

QY-8.

Except the luminescence intensity, the tumor volume also

indicated the tumor growth of the saline-treated mice was not

suppressed, and QY-8 exhibited weak cancer growth inhibition

(Fig. 16D). Besides, the stripped cancers treated with QY-13 were

obviously smaller than those in the QY-8 and vehicle groups

(Fig. 17G and H). Although the intratumoral administration of

QY-8 induced the potent in vivo anticancer activity, intraperitoneal

injection of QY-8 only induced weak anticancer potency, which

may be contributed to its moderate selectivity toward cancer cells.

Strikingly, from the perspectives of in vivo bioluminescence im-

aging, tumor volume and tumor weight, both 5 and 10 μmol/kg

administration of QY-13 exhibited potent anticancer potencies,

which was significantly higher than that of QY-8 (Fig. 16B‒E, G

and H).

In the survival experiments (Fig. 16F), the average survival

time of normal saline-injected mice was 16 days (6 to 19 days)

and all mice died within 19 days. In contrast, all other mice treated

with either QY-8 (10 μmol/kg), QY-13 (5 μmol/kg), or QY-13

(10 μmol/kg) survived for more than 30 days (Fig. 16F). The

administration of QY-8 caused body weight loss and muscle

wasting in mice during the experiment (Fig. 16E). Still, no sig-

nificant weight loss or hair loss was detected during the experi-

ment for both the QY-13 (5 μmol/kg) and QY-13 (10 μmol/kg)-

treated groups, suggesting that mice may be well tolerated at the

peptide-administered dose.

To track the in vivo distribution of QY-13, the tumor-specific

accumulation assay was conducted. Rhodamine B is a

commonly used fluorophore in the in vivo distribution studies of

peptide162. Thus, Rhodamine B was conjugated to the N-terminal

of QY-8 and QY-13, affording the fluorescent probes QY-18 and

QY-19 for in vivo imaging experiments (Figs. S22 and S23). Mice

were inoculated with 4T1 cells to establish tumor-bearing models.

When the tumor volume reached approximately 200‒300 mm3, a

single dose of QY-18 (10 μmol/kg) or QY-19 (10 μmol/kg) was

administered via intraperitoneal injection. 24 h later, the mice

were euthanized, and fluorescence imaging of their organs was

performed.

As shown in Fig. 16I and J, the fluorescent signal was not

detected in the saline control group. In contrast, fluorescent sig-

nals were observed in all organs of mice in the QY-18 group,

indicating that QY-18 could distribute to major organs 24 h after

injection. Different from QY-18, the fluorescence in the QY-19

group was localized to the liver, spleen, kidneys, and tumor tis-

sues of mice. Compared with QY-18, the distribution of QY-19

was obviously reduced in the heart and lungs. Especially, QY-19

was found to aggregate at the tumor site, with fluorescence in-

tensity significantly higher than that of QY-18. QY-19 is

composed of TATE, oncolytic peptide QY-8, and fluorophore

rhodamine B. It is speculated that the TATE moiety, which targets

SSTR2, could enhance the accumulation of QY-19 at the tumor

site. Collectively, the tumor-specific accumulation assay demon-

strated that QY-13 exhibited specific targeting to tumor tissues and

effectively minimized non-specific distribution of the oncolytic

peptide.

To further investigate whether QY-8 and QY-13 caused damage

to major organs, histological analysis of organ sections (heart,

liver, spleen, lung, and kidney) was performed by hematoxylin-

eosin (H&E) staining (Fig. 16K)134,163. As shown in Fig. 16K, no

significant histological damage was observed in the QY-8 and QY-

13 treatment groups. Nevertheless, it should be pointed out that

further in vivo toxicity studies should be conducted to explore the

safety and selectivity of QY-13. Collectively, the in vivo anti-

cancer experiments indicated that intraperitoneal injection of

D-type oncolytic peptide QY-8 could not efficiently inhibit the

proliferation of tumor cells, which induced moderate anticancer

effects and weight loss in mice. Promisingly, from the perspectives

of bioluminescence imaging, tumor volume and tumor weight, as

well as survival time, the intraperitoneal injection of QY-13

exhibited excellent in vivo anticancer potentials, which was

consistent with the potent in vitro cytostatic effects of QY-13.

Furthermore, it is anticipated that the conjugation of TATE

could significantly enhance the in vitro and in vivo anticancer

capacity, as well as the anticancer selectivity of D-type oncolytic

peptides.

2.19. In vitro and in vivo ICD-eliciting and immunity-activating

effects of QY-13

Previous studies have demonstrated that oncolytic peptides could

disrupt cancer cell membranes or induce membrane destabiliza-

tion, followed by the release of DAMPs and tumor antigens,

thereby inducing immunogenic cell death (ICD) and robust anti-

tumor immune responses7,29. Our initial mechanism research

indicated that QY-13 exhibited potent cancer cell membrane lysis

activity, leading to rapid death of cancer cells (Fig. 13). To eval-

uate whether QY-13 could induce ICD in cancer cells, we detected

the release of three DAMP molecules, ATP, High mobility group

protein B1 (HMGB1), and calreticulin (CRT). When ICD occurs

in cancer cells, ATP, HMGB1, and CRT, which act as signals for

immune recognition, are transferred from the intracellular space to

the extracellular space. As shown in Fig. 17A, QY-8 treatment

group increased the release of ATP, HMGB1, and CRT by

approximately 3.5, 3.1, and 2.1 times respectively higher than the

control group, indicating the ability of QY-8 to induce DAMPs

release. It is worth noting that compared with QY-8, QY-13

released significantly higher levels of ATP, HMGB1, and CRT,

which were 1.7, 1.5, and 1.5 times higher than QY-8, respectively.

The analysis and quantification of DAMPs release indicated that

both QY-8 and QY-13 could induce ICD in tumor cells, and QY-13

exhibited more potent ICD-eliciting effects.

To further evaluate the induction of ICD in cancer cells by QY-

8 and QY-13 in vivo, we established tumor-bearing models and

analyzed the levels of DAMP agents in tumor tissues (Fig. 17B).

The mice received five intraperitoneal injections of QY-8 or QY-

13, after which tumor tissues were collected for immunofluores-

cence analysis of HMGB1 and CRT expression. During ICD, CRT

was translocated from the perinuclear endoplasmic reticulum to

the cell surface, while HMGB1 is released from the nucleus to the

extracellular space164. As shown in Fig. 17C, weak green fluo-

rescence of CRT was observed surrounding the nucleus in the QY-

8 treated group. Notably, significantly more intense green fluo-

rescence was detected in the extranuclear region after QY-13

treatment. Furthermore, compared with the control group, the

red fluorescence signal of HMGB1 within the nucleus was

diminished in QY-8 treated cells, and only very faint red fluo-

rescence was observed in the QY-13 group (Fig. 17D). These re-

sults demonstrated that QY-8 and QY-13 could significantly

enhance the exposure of CRT (Fig. 17C and E) and promoted the
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release of HMGB1 (Fig. 17D and F), with QY-13 exhibiting the

stronger ICD-inducing potency than QY-8. The immunofluores-

cence assay in the tumor-bearing models further confirmed that

QY-13 could effectively induce ICD in vivo and may be further

applied in immunotherapy.

In addition to quantifying DAMP and monitoring ICD at both

in vitro and in vivo levels, the immune-activating effects of QY-8

and QY-13 were further investigated in the tumor-bearing models.

The infiltration of CD8+ T cell, expression of vascular endothelial

marker CD31, and cell proliferation marker Ki67 in tumor tissues

were analyzed by immunohistochemical (IHC) staining

(Fig. 17G). CD8+ T cells play a crucial role in tumor immunity165.

Once activated, CD8+ T cells could directly kill tumor cells166.

The tumor tissues of QY-8 and QY-13 treatment groups showed

enhanced CD8+ T cell infiltration, with QY-13 exerting a stronger

effect than QY-8 (Fig. 17G and H). In addition, the IHC assay of

the vascular endothelial marker CD31 and the cell proliferation

marker Ki67 revealed that QY-13 treatment significantly reduced

the expression levels of Ki67 (Fig. 17G and I) and CD31 (Fig. 17G

and J) compared to the control group, suggesting its effective

inhibition of tumor angiogenesis and cancer cell proliferation.

Meanwhile, the immunity-activating effects of QY-13 were higher

than those of QY-8, indicating that the conjugation of TATE could

enhance the immunity-activating ability of oncolytic peptides.

Collectively, Fig. 17 indicated that QY-13 could activate the

body’s antitumor immune response through pathways including

ICD-eliciting and CD8+ T cell infiltration recruitment. Moreover,

QY-13 exhibited potent ability to inhibit tumor proliferation and

angiogenesis in vivo. Strikingly, these data indicated that QY-13

could induce ICD in cancer cells and subsequent immunity-

activating effects, forming a synergistic therapeutic effect of

“direct tumor cell killing followed by tumor immunity activation”.

3. Conclusions

Recently, oncolytic peptides have emerged as increasingly

attractive candidates for anticancer therapy due to their novel

skeletons and unique mechanism of action. Especially, the unique

anticancer mechanism of oncolytic peptides, which involve the

direct membranolytic potency and synergistic oncolytic-

immunotherapy effect, could not only overcome cancer hetero-

geneity, but also reduces the risk of acquired resistance. Never-

theless, although multiple oncolytic peptides have entered clinical

trials, conventional oncolytic peptides often suffer from three

major limitations: (1) poor proteolytic stability and moderate

anticancer durability, (2) limited efficacy against solid tumors167,

and (3) moderate anticancer selectivity due to the nonspecific

biodistribution. In our efforts to improve the anticancer potential

of oncolytic peptides, the stability, potency and selectivity guided

optimization were conducted on the first in class oncolytic peptide

Clip-71. The robust and efficient synthetic strategy, in vitro and

in vivo anticancer activity, as well as the mechanism of action

were systematically investigated for obtained peptides.

In order to improve the proteolytic stability and anticancer

durability, anticancer efficiency, as well as the anticancer selec-

tivity, two rounds of optimization were conducted on the repre-

sentative oncolytic peptide Clip-71. The DIC/Oxyma based

condensation system was established, which could achieve the

accelerated manual synthesis of Clip-71-derived peptides.

Through the N-/C-terminal modifications and mirror image

strategy, the first round of stability- and potency-guided

optimization was conducted, affording ten Clip-71-derived pep-

tides. The proteolytic stability and time-kill kinetics assays indi-

cated that D-type peptides represented by QY-8 possessed high

enzymatic stability and sustained anticancer effects, which was

significantly superior to other Clip-71-derived peptides. The CD

spectrum of QY-8 was basically the mirror image form of Clip-71,

indicating that the D-amino acid substitutions did not impair the

amphipathic structure of Clip-71. The mechanism explorations

indicated that QY-8 exhibited significantly enhanced mem-

branolytic effect compared to Clip-71, which may contribute to

the improved anticancer efficacy of QY-8. Strikingly, it was found

that QY-8 possessed outstanding in vitro and in vivo anticancer

activity, which may serve as a potential candidate for further

optimizations.

Through the first round of stability- and potency-guided opti-

mization, the D-type peptide QY-8 was found to possess high

proteolytic stability and sustained anticancer durability, as well as

superior in vitro and in vivo anticancer activity to Clip-71.

Nevertheless, like most oncolytic peptides, QY-8 still suffers

from moderate anticancer selectivity and was thus administrated

through intratumoral injection in the in vivo anticancer experi-

ments. In order to improve the therapeutic efficiency and reduce

the undesired toxicity of chemotherapeutic agents, the peptide‒
drug conjugates (PDCs) have been designed, which possess

increased cancer penetration and selectivity. Inspired by the PDCs

strategy, we turned our attention to developing the tumor-targeting

peptide and oncolytic peptide based conjugates (PPCs). To the

best of our knowledge, although multiple PDCs based therapeutic

agents have entered clinical or preclinical evaluations, little effort

has been devoted to developing PPCs composed of tumor-

targeting peptide and oncolytic peptides.

In order to enhance the anticancer selectivity and overcome the

administration limitation of D-type oncolytic QY-8, the second

round of selectivity-guided and PPCs-strategy based optimization

was conducted. Utilizing the tumor-homing peptide TATE and

D-type oncolytic peptide QY-8, the novel PPC QY-13 was

designed and efficiently synthesized by the DIC/Oxyma-based

manual SPPS. Molecular dynamics simulations and pull-down

assays demonstrated that the conjugation of oncolytic peptide did

not impair the SSTR-2 targeting efficiency of TATE. Especially,

the TATE-QY-8 based PPC QY-13 still possessed comparable

binding efficiency toward SSTR2 to that of TATE. The in vitro

cytotoxicity assays demonstrated that TATE conjugation signifi-

cantly enhanced the anticancer potency of Clip-71-derived onco-

lytic peptides against SSTR2-high cancer cells. Of noted,

compared with Clip-71, QY-13 exhibited more than 10-fold in-

crease in killing effects against the SSTR2 high-expressed cancer

cell lines. Besides, this study also investigated the in vitro activity

of QY-13 in drug-resistant cell lines and compared its synergistic

effects with those of doxorubicin (DOX) and cisplatin. Especially,

it was found that QY-13 not only exerts potent cytotoxicity against

drug-resistant cancer cells but also exhibits dual effects of

enhancing drug sensitivity and reversing drug resistance. More-

over, the time-kill curve assay and serum stability assay indicated

that QY-13 possessed potent and durable anticancer effects, as

well as satisfactory proteolytic stability even up to 72 h

incubation.

The wound healing tests indicated that the conjugation of

tumor-targeting peptide TATE could significantly enhance the

anti-migration effect of oncolytic peptides against SSTR2 high-

expressed cancer cells, suggesting the potential anti-metastatic

properties of QY-13. The membranolytic assays showed that QY-
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13 exhibited rapid and potent membrane lysis activity against

SSTR2 high-expressed cancer cells, and its activity was signifi-

cantly higher than that of D-type oncolytic peptide QY-8. More-

over, the morphological changes of cancer cells and cell imaging

experiment indicated that, compared with D-type oncolytic pep-

tide QY-8, QY-13 could more effectively destroy and penetrate the

cell membrane of SSTR2 high-expressed cancer cells. Impor-

tantly, all these data indicated that the enhanced anti-migration

effect, stronger and selective membranolytic effect, as well as the

higher membrane penetration efficiency of QY-13 should be

attributed to the interaction between TATE moiety in QY-13 and

membrane protein SSTR2.

It should be pointed out that although the intratumoral

administration of QY-8 induced the potent in vivo anticancer ac-

tivity, the intraperitoneal injection of QY-8 could not efficiently

inhibit the proliferation of tumor cells, which induced moderate

anticancer effects and weight loss in mice. The weak anticancer

potency of QY-8 may be attributed to its moderate selectivity

toward cancer cells and nonspecific distribution. Strikingly,

consistent with a series of in vitro experiments, the attachment of

TATE could significantly enhance the in vivo anticancer potential

of oncolytic peptides. From the perspectives of bioluminescence

imaging, tumor volume and weight, as well as survival time of

mice, the intraperitoneal injection of QY-13 exhibited significantly

higher anticancer activity than that of D-type oncolytic peptide

QY-8. Moreover, the hemolysis assay suggested that the conju-

gation of tumor-targeting peptide TATE did not improve the he-

molysis of oncolytic peptides and QY-13 exhibited low hemolysis

rates (<5%) at its IC50 concentration. To further investigate

whether QY-13 caused damage to major organs of mice, organ

sections were observed by H&E staining and no obvious toxicity

was observed by the histological analysis.

In the tumor-specific accumulation assay, compared with QY-

18, QY-19 showed reduced distribution in the heart and lungs,

with enhanced accumulation at the tumor site more. The tumor-

specific accumulation assay demonstrated that QY-13 exhibited

specific targeting to tumor tissues and effectively minimized non-

specific distribution of the oncolytic peptide. Immunotherapy

experiments demonstrated that QY-13 significantly enhance the

release of DAMP and induce ICD. Furthermore, in 4T1 tumor-

bearing mouse models, QY-13 promotes CD8+ T cell infiltration,

inhibits tumor angiogenesis, and suppresses tumor cell prolifera-

tion. The immunotherapy experiments indicated that QY-13 could

activate the body’s antitumor immune response through mecha-

nisms including ICD induction and CD8+ T cell recruitment,

thereby exerting a dual effect of directly killing cancer cells and

subsequently activating antitumor immunity.

In summary, the novel tumor-targeting peptide and D-type

oncolytic peptide based conjugates were developed through the

stability-, potency-, and selectivity guided optimization of Clip-

71. Especially, through two rounds of optimization, we success-

fully addressed the key limitations of Clip-71, including its poor

proteolytic stability and moderate anticancer durability, limited

efficacy against solid tumors, as well as the moderate anticancer

selectivity and nonspecific distribution. Strikingly, the novel PPC

QY-13, obtained through the conjugation of TATE to D-type

oncolytic peptide QY-8, exhibited excellent anticancer potentials

in both in vitro and in vivo experiments, as well as superior

biosafety and tumor targeting potency. The immunotherapy ex-

plorations indicated that QY-13 could elicit ICD and enhance

CD8+ T cell recruitment, thereby exerting a synergistic thera-

peutic effect of “direct tumor cell killing followed by antitumor

immunity activation”. Due to its high proteolytic stability, sus-

tained anticancer effects, increased anticancer selectivity, as well

as ICD-eliciting and immunity-activating effects, QY-13 may

serve as the emerging anticancer candidate for further optimiza-

tions. Collectively, our study not only established promising

strategies to improve the anticancer potential of oncolytic peptides

but also provided references for the future development of tumor-

targeting peptide and oncolytic peptide based PPC for oncolytic-

immunotherapy.

4. Experimental

4.1. Synthesis of Clip-71 derived and TATE-oncolytic peptide

based PPCs

All peptides were synthesized in an air-bath constant-temperature

shaker using the 9-fluorentlme-thyloxycarbonyl (Fmoc)-based

solid phase peptide synthesis (SPPS)70,153,168-175. The chemical

structures of reagents for peptide synthesis are provided in Sup-

porting Information Fig. S1. Briefly, the DIC/Oxyma system was

used to couple amino acids. First, Rink Amide MBHA Resin

(0.05 mmol, 1 eq., Tianjin Nankai Hecheng Technology) was

added into the peptide synthesis vessel. After a standard washing

procedure (DMF twice, DCM twice, DMF once, DCM once, DMF

twice), the resin was swollen in a DMF/DCM � 3:1 (v/v) solution

for 2.5 h. The Fmoc protecting group was removed twice with

20% piperidine in DMF (3 min, 5 min) at 50 ◦C. Following

another standard washing step, a mixture of Fmoc-amino acid (3

eq.), DIC (6 eq.), and Oxyma (3 eq.) in DMF was activated at

28 ◦C for 5 min and then added to the vessel for coupling at 50 ◦C.

Typically, two rounds of condensation (15 min for the first, 20 min

for the second) were sufficient for most amino acids. The Fmoc

group was subsequently removed again with 20% piperidine in

DMF (3 min, then 5 min) at 50 ◦C. Meanwhile, QY-8 and QY-13

were also synthesized using the traditional HCTU/DIEA system at

28 ◦C.

After all amino acid residues were coupled, the peptides were

cleaved and deprotected using a TFA cleavage cocktail (TFA/

phenol/H2O/TIPS, 88:5:5:2, v/v/v/v) for 2 h at 28 ◦C. The crude

products were concentrated under nitrogen flow, precipitated with

precooled anhydrous ether, and the crude peptide was obtained by

centrifugation (three times). The crude peptide was then dissolved

in the CH3CN/H2O solvents (containing 0.1% TFA, v/v). Finally,

the crude peptide was purified by semipreparative RP-HPLC

(Shimadzu Prominence, LC-20A) and lyophilized for 48 h to

collect the target solid peptide. The purity of the target peptide

was analyzed by RP-HPLC, and its molecular weight was verified

by ESI-MS (Thermo Scientific, LTQ Orbitrap XL) (Fig. S3‒S23).

Of noted, all obtained peptides were >95% pure by analytical RP-

HPLC.

4.1.1. Synthesis of Clip-71 derived peptides

Rink Amide MBHA resin was applied for the synthesis of Clip-71,

QY-4 to QY-10 and QY-18. AEEA, 7-DCCA, MOEOEA,

MOEOEOEA, Acp, NH2-PEG1-CH2 and Rhodamine B were

coupled using the HATU/HOAt/DIEA system at 28 ◦C (Fig. S2).

For QY-7, after removal of the N-terminal Fmoc protecting group,

a mixture of Fmoc-Acp-OH (2 eq.), HATU (1.8 eq.), HOAt (2

eq.), and DIEA (4 eq.) in DMF was mixed and coupled twice at

28 ◦C (30, 45 min).

4514 Qianyao Yu et al.



2-Chlorotrityl-NHNH2 resin was synthesized by the previous

method76,95,169,176. First, 2-chlorotrityl chloride resin was treated

with 5% NH2NH2 in DMF solution (30 min, 40 min), and sub-

sequently capped with 5% methanol in DMF for 10 min. All

amino acids were then coupled to generate QY-1 and QY-3. After

removal of the N-terminal Fmoc protecting group, QY-2 was

obtained by acetylating the peptide QY-1 with a mixture of acetic

anhydride/DIEA/DMF (1:1:8, v/v/v) at 28 ◦C (5 min for the first

time, 10 min for the second time).

4.1.2. Synthesis of TATE-oncolytic peptide based PPCs

The TATE-oncolytic peptide based PPCs were synthesized by

Wang resin. The resin (0.05 mmol, 1 eq., Tianjin Nankai Hecheng

Technology) was added to the peptide synthesis vessel and

swollen in DMF/DCM � 3:1 (v/v) solution for 2.5 h. For the

initial coupling of the first amino acid, Fmoc-Thr(tBu)-OH (3 eq.,

GL Biochem) was activated with DIC (6 eq.), Oxyma (3 eq.), and

DMAP (0.4 eq.) in DMF at 28 ◦C for 5 min, then added to the

resin for double coupling at 28 ◦C (6, 10 h). Following Fmoc

deprotection at 28 ◦C (5, 10 min), Fmoc-Cys(Acm)-OH was

coupled twice using the HCTU/DIEA system (30, 40 min) at

28 ◦C. After subsequent Fmoc removal at 28 ◦C (5, 10 min),

Fmoc-Thr(tBu)-OH was coupled using the HCTU/DIEA system,

with remaining amino acids in the sequence coupled using the

DIC/Oxyma system at 50 ◦C.

After all the amino acids had been coupled, the peptide was

treated with a solution of thallium(III) trifluoroacetate (64 mg) in

DMF/anisole (2.5 mL/0.125 mL) that had been pre-chilled in an

ice bath for 10 min119-121, then reacted at 28 ◦C for 2 h. Final

cleavage was performed using TFA/H2O/TIPS (95:2.5:2.5, v/v/v)

at 28 ◦C for 2 h to yield the crude peptide.

4.2. The circular dichroism (CD) analysis

The secondary structures of Clip-71-derived and TATE-Oncolytic

peptides were determined by circular dichroism (Jasco-J-1500,

Japan). A 1 mm quartz cuvette was used to detect the secondary

structures of Clip-71-derived peptides and TATE-oncolytic pep-

tide based PPCs in highly purified nitrogen at room temperature.

The concentration of Clip-71 derived peptides and PPCs was

1 mg/mL. The instrument parameters were set as follows, wave-

length scanning range 200‒260 nm, bandwidth 1 nm, scanning

speed 100 nm/min, and repeated scanning three times. Data were

analyzed using the JASCO standard analysis procedure.

4.3. Cell culture

The cell lines were purchased from the National Infrastructure of

Cell Line Resource (NICR) with the exception of the DOX-

resistant breast cancer cell line (MCF-7/ADR), which was pur-

chased from American Type Culture Collection (ATCC). Cancer

cells were grown in the appropriate growth media (RPMI-1640 for

A20, MCF-7/ADR, and Daudi cell lines; MEM for MCF-7 cell

line; Ham’s F-12K for PC-3; DMEM for 4T1, PANC-1, A549,

HepG2, MDA-MB-231, and MRC-5) containing 10% fetal bovine

serum (FBS, PAN-Biotech). All cell lines were kept in a humid-

ified atmosphere at 37 ◦C, 5% CO2.

The DDP-resistant human TNBC cell line MDA-MB-231/DDP

was obtained by stimulating MDA-MB-231 cell lines with

different DDP concentrations, following a previously described

protocol145. MDA-MB-231/DDP cell line was cultured in the

medium with DDP (1.5 μg/mL) in the atmosphere of 5% CO2 at

37 ◦C.

4.4. In vitro cytotoxicity assay

Cell Counting Kit-8 (CCK-8, TargetMol, USA) was used to detect

the inhibitory effect of Clip-71-derived peptides and TATE-

oncolytic peptide based PPCs on the suspension cells177. Pep-

tides were dissolved in DMSO to form 30 mmol/L stock solutions.

Cancer cells were inoculated in 96-well plates at a density of

10,000 cells per well, and cultured overnight. The stock solutions

of Clip-71-derived peptides and TATE-oncolytic peptide based

PPCs were diluted in FBS-free media to prepare working solutions

with concentrations gradients of 100, 50, 25, 12.5, 6.25,

3.125 μmol/L or 100, 25, 6.25, 1.56, 0.39, 0.10 μmol/L. The

cancer cells were incubated with different concentrations of

peptides for 24 h, and then 15 μL CCK-8 solution was added to

each well and incubated at 37 ◦C for 4 h. Finally, the optical

density (OD) of each well at 450 nm was detected by the

microplate reader (Tecan).

The MTT experiment was used to detect Clip-71-derived

peptides and TATE-oncolytic peptide based PPCs inhibition of

adherent cells158,178. Cells were seeded in 96-well plates at a

density of 10,000 cells per well and adhered overnight. The stock

solutions of Clip-71-derived peptides and TATE-oncolytic peptide

based PPCs were diluted in FBS-free media to prepare working

solutions with concentrations gradients of 100, 50, 25, 12.5, 6.25,

3.125 μmol/L or 100, 25, 6.25, 1.56, 0.39, 0.10 μmol/L. After

incubation for 24 h, 15 μL of 5 mg/mL MTT was added to each

well and cultured in the incubator for 4 h. The supernatant was

removed, then 150 μL DMSO was added to each well and placed

in the incubator for 1 h. Finally, the OD at 492 nm of each well

was detected by the microplate reader (Tecan). The cytostatic rate

was calculated according to Eq. (1):

Cytostatic rate (%) � [(OD control — OD sample)/ (OD control — OD

blank)] × 100 (1)

All assays were carried out in triplicate. The IC50 values were

calculated by IBM SPSS Statistics 22 software. IC50 values are

presented as mean ± SEM. Combination index (CI) values were

determined by CompuSyn software.

4.5. Time-kill curve assay

To evaluate the anticancer effect of Clip-71 derived peptides and

TATE-Oncolytic peptide based PPCs in each time period, the

time-kill curve assay against MCF-7, 4T1, and A20 cancer cells

was carried out. First, MCF-7, 4T1, and A20 cells were seeded in

96-well plates at a density of 10,000 cells/well, respectively, and

incubated at 37 ◦C overnight. Then, cancer cells and peptide

working solutions were incubated at 37 ◦C for 4, 12, 24, 36, 48,

and 72 h. The final concentrations of the peptide working solu-

tions were set according to the IC50 value of QY-8 or QY-13 on

different cells, respectively: 1) the final concentrations of Clip-71

derived peptides were 15 μmol/L against 4T1 cell and 5 μmol/L

against A20 cell. 2) the final concentrations of TATE-Oncolytic

peptide based PPCs were 10 μmol/L against 4T1 cells and

MCF-7 cells. Finally, the CCK-8 test was performed against

A20 cell, and MTT test was carried out against MCF-7 and 4T1
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cells at each time point. All experiments were repeated three

times.

4.6. Hemolytic activity assay

Fresh mouse erythrocytes were used to assess the hemolytic ac-

tivity of Clip-71, QY-8, QY-12, and QY-13. Blood was collected

in anticoagulated tubes and centrifuged at the speed of 1000 rpm

for 10 min. The red blood cells were washed three times and then

suspended in PBS. A specific volume of peptide was combined

with an equal volume of erythrocyte suspension. Thereafter, the

hemolytic activity of parent peptide Clip-71, QY-8, QY-12, and

QY-13 on mouse red blood cells was determined at the concen-

trations of 0.5 × IC50 (against 4T1 cell line), 1 × IC50, 2 × IC50,

4 × IC50, 8 × IC50, and 16 × IC50, respectively, with the 2%

Triton X-100 as positive control and 1 × PBS as negative control.

The mixture was incubated at 37 ◦C for 4 h, and then centrifuged

at 1000 rpm for 5 min. The absorbance of the supernatant in the

96-well plate was measured at 450 nm. Each peptide experiment

was repeated three times. The hemolytic percentage was calcu-

lated according to Eq. (2):

Hemolysis (%) � [(Asample — Anegative)/ (Apositive

— Anegative)] × 100 (2)

4.7. Investigation of the anticancer action of Clip-71 derived

peptides and TATE-oncolytic peptides

4.7.1. Intracellular localization

To ascertain the subcellular localization of Clip-71 and QY-8, the

fluorescent probes QY-9 and QY-10 were designed and synthe-

sized. Firstly, MTT and CCK-8 tests were used to evaluate the

effects of 7-DCCA modification on Clip-71 and QY-8 activity.

4T1 cells were seeded onto six-well plates at a density of

50,000 cells per well and allowed to adhere overnight. Subse-

quently, 4T1 cells were subjected to a 30-min treatment with

SYBR Green I (Solarbio) for the labeling of nucleus. The cells

were incubated with 15 μmol/L QY-9, 15 μmol/L QY-10,

15 μmol/L Clip-71 plus 15 μmol/L 7-DCCA, or 15 μmol/L QY-

8 plus 15 μmol/L 7-DCCA for different times. After incubation,

the medium was discarded and the cells were washed three times

with PBS buffer (1 × ). Finally, the cells were observed using a

fluorescence microscope (Nikon, Eclipse Ti-S).

4.7.2. Membranolytic activity assay

To investigate the cell membrane disrupting effect of different

peptides, propidium iodide (PI) staining was employed to assess

the integrity of the cell membrane. PI possesses a potent binding

ability with DNA but cannot pass through normal cell membranes.

PI only binds to DNA in cells with damaged membranes, emitting

red fluorescence. Hoechst 33258 was applied to stain the nucleus

of all cells, while PI was applied to stain the nucleus of those cells

that had lost cell membrane integrity. The 4T1 or MCF-7 cells

were seeded onto 12-well plates and allowed to adhere overnight.

Thereafter, the medium was discarded, and 4T1 or MCF-7 cells

were cultured with 10 μg/mL Hoechst 33258, 2 μg/mL PI, and

different peptides. After three washes with PBS (1 × ), the cells

were examined by fluorescence microscopy (Nikon, Eclipse Ti-S).

4.7.3. Assessment of mitochondrial membrane potential

The disruption of mitochondrial membrane potential (MMP)

induced by QY-8 was investigated using the fluorescent dye JC-10

mitochondrial probe kit (Solarbio). 4T1 cells were seeded in six-

well plates and allowed to adhere overnight. The 4T1 cells were

treated with 15 μmol/L Clip-71 or 15 μmol/L QY-8 for different

times. Subsequently, the medium was replaced with 500 μL of

DMEM containing 200 nmol/L JC-10. After 30 min of incubation,

the cells were washed three times and examined by fluorescence

microscopy (Nikon, Eclipse Ti-S).

4.7.4. Cellular uptake

To evaluate the cellular uptake of QY-13 in SSTR2-high and

SSTR2-low expressing cells, we first synthesized the fluorescent

probe QY-17. Subsequently, the MTT and CCK-8 assays were

employed to assess the impact of coumarin modification on the

activity of QY-13. The MCF-7 or PANC-1 cells were seeded in

six-well plates at a density of 50,000 cells per well and allowed to

adhere overnight. Cells were treated with SYBR Green I for

30 min to label the nucleus. Then, cells were incubated with

10 μmol/L QY-17 or 10 μmol/L QY-10 for different periods of

time. In addition, to investigate whether QY-13 cellular uptake

was mediated through SSTR2 binding, cells were preincubated

with 100 μmol/L TATE for 24 h. The medium was then replaced

with 10 μmol/L QY-17, followed by incubation at 37 ◦C for

different times. Finally, cancer cells were washed three times, and

then examined by fluorescence microscopy (Nikon, Eclipse Ti-S).

4.8. Stability assays

Human serum was used to test the stability of the Clip-71-derived

peptides and TATE-oncolytic peptide based PPCs in serum. The

peptides were dissolved in PBS, and then mixed with 10% serum

in equal volume to obtain working solutions with a final con-

centration of 100 μmol/L, and incubated at 37 ◦C. Thereafter, the

working solutions were sampled at 0, 4, 8, 24, 36, 48 and 72 h, and

immediately added with 50 μL acetonitrile and 250 μL distilled

water (both containing 0.1% TFA). Samples were centrifuged at

12,000 rpm for 5 min at 4 ◦C and analyzed by RP-HPLC and ESI-

MS.

4.9. Molecular dynamics simulation

Initially, PyMOL was utilized to modify the octreotate structure

from the PDB database (PDB ID: 7XAU), followed by ChemDraw

3D for linker structure design179. The three-dimensional structure

of oncolytic peptide was predicted using AlphaFold3102, and the

LtoD.py script from finDr website was implemented to convert

L-type oncolytic peptide to its D-type counterpart103. Subse-

quently, the GAFF force field in Amber was applied to generate

force field parameters for the linker. The complete system was

constructed using LEaP in AMBER22131, where the ff19SB force

field was assigned to proteins and peptides, while GAFF was

specifically applied to the linker region. The complexes were

solvated in a truncated regular octahedron TIP3P water box with a

10 Å size distance in AMBER22. System neutrality was achieved

through the addition of sodium ions, followed by energy optimi-

zation. The initial optimization involved constraining the solute

with a harmonic force (elastic constant: 10 kcal/(mol·Å2)),

employing 3000 steps of steepest descent method and 3000 steps

of conjugate gradient method. A subsequent optimization round
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was performed without position restrictions. For system equili-

bration, the temperature was gradually increased from 50 to 300 K

over 100 ps in the NVT ensemble, with a 5 kcal/(mol·Å2) har-

monic force applied to restrain solute positions. Finally, molecular

dynamics (MD) simulations were conducted in the NPT ensemble,

with position constraints systematically removed during the

process.

We employed CHARMM-GUI (http://www.charmm-gui.org)

to construct a POPC lipid bilayer membrane with dimensions of

125 × 125 × 129 Å104. The D-type oncolytic peptide was posi-

tioned 40 Å above the membrane surface. The system was sub-

sequently solvated with TIP3P water molecules, and sodium ions

(Na+) were added to achieve electrical neutrality, maintaining an

overall ion concentration of 0.15 mol/L through CHARMM-GUI’s

automated parameterization. Following system preparation, mo-

lecular dynamics simulations were performed using the previously

described parameters.

4.10. Binding energy calculations using MMGB/SA

Molecular mechanics generalized Born surface area (MMGB/SA)

were applied to calculate the binding affinities of octreotate

against receptor135. The energies were averaged on the 5 frames

extracted from the 50 ns MD simulations. The parameters are as

previously reported180. Briefly, the internal dielectric and external

dielectric constants were set to 2.0 and 80.0, respectively. A

probe radius of 1.4 Å, a grid spacing of 0.5 Å and ionic strength

0.1 mol/L were set up for the calculations.

4.11. Western blotting assay

The Western blotting assay was conducted as described previ-

ously181-183. HepG2, BON-1, PANC-1, 4T1, MCF-7, and PC-

3 cells were lysed by RIPA lysis buffer with phosphatase and

protease inhibitor cocktails. After centrifugation at 13,200 rpm for

15 min, the supernatant was obtained. Thereafter, a BCA Protein

Assay Reagent Kit was used to determine the protein concentra-

tion. Total proteins were separated by 10% SDS-PAGE and

electrotransferred to polyvinylidene fluoride membranes. After the

block, the membrane was incubated with antibody against

GAPDH (1:3000, Absin) or SSTR2 monoclonal antibody (1:1000,

ABclonal) at 4 ◦C overnight. Then, the corresponding secondary

antibody (1:5000, Absin) was added and incubated at room tem-

perature for 1 h. The antigen‒antibody complex was detected with

enhanced chemiluminescence (ECL) reagent. ImageJ was used for

the quantification of proteins.

4.12. Pull-down experiments

In order to conduct the pull-down analysis of the TATE-oncolytic

peptide based PPCs, MCF-7 whole cell extracts were prepared

using RIPA lysis buffer (Solabio), with protease inhibitors

(MedChemExpress) included. Subsequent to the centrifugation of

the cell extracts at 12,000 rpm for a duration of 15 min, the su-

pernatant was collected. Subsequently, the supernatant was

divided into five groups, and 25 μmol/L Biotin, 25 μmol/L QY-14,

25 μmol/L QY-15, 25 μmol/L QY-16 or 50 μmol/L QY-16 were

added to each group respectively. The mixture was then subjected

to a co-incubation process at a temperature of 4 ◦C for a duration

of 12 h. Subsequently, the mixtures of protein and peptides were

subjected to incubation with streptavidin magnetic beads

(MedChemExpress) for a duration of 3 h at a temperature of 4 ◦C.

The beads were washed three times with RIPA buffer, after which

the binding proteins were eluted with 1 × SDS loading buffer. The

samples were isolated through the application of 10% SDS-PAGE,

and the binding proteins were subsequently detected using the

SSTR2 antibody as previously described. Western blotting images

were captured using the Mini chemiluminescence imaging and

analysis system (Beijing Sage Creation Science) and quantified by

Image J software.

4.13. Cell migration assay

MCF-7 cells (2 × 105 cells/well) were seeded into a 6-well plate.

When the cells were nearly 90% confluent, two parallel lines were

drawn along the bottom of the culture plate with a 1 mL pipette

tip, and each well was washed three times with PBS. Then, the

cells were treated with FBS-free media containing different con-

centrations of peptides (2 μmol/L Clip-71, 2 μmol/L QY-8 plus

2 μmol/L TATE, 200 nmol/L QY-13 or 400 nmol/L QY-13). The

cells were imaged at 0, 12, and 24 h by the microscopy (Nikon,

Eclipse Ti-S) and quantified with ImageJ software, respectively.

4.14. Transmission electron microscopy

Ultrastructural studies were performed on MCF-7 cells treated

with 2 μmol/L QY-8 and 1, 2, or 4 μmol/L QY-13 for 12 h. The

treated cells were collected with a spatula and centrifuged at

1000 rpm for 3 min. Then, the cells were added with 1 mL 2.5%

glutaraldehyde, centrifuged again at 1000 rpm for 10 min, and

fixed overnight at 4 ◦C. Dehydration was performed with a graded

ethanol series. The slices were examined and pictures were taken

using a transmission electron microscope (Hitachi, HT7800) after

embedding and ultrathin sectioning (Leica UC7).

4.15. In vivo anticancer experiments

The experimental protocol was approved by the Medical Ethics

Committee of Qingdao University. The six- to eight- week-old

male Balb/c mice were procured from GemPharmatech Co., Ltd.

(Nanjing, China). 107 4T1 or 4T1-Luc cells were subcutaneously

transplanted into the right axilla of Balb/c mice to establish tumor

xenografts. Tumor volume was detected by vernier caliper, and

tumor volume was calculated as Eq. (3):

V � 0.5 × Length × Width2 (3)

When the tumor volume reached about 100 mm3, mice were

randomly divided into three or four groups (5 mice in each group).

In the three groups of mice, normal saline, 10 μmol/kg Clip-71 or

10 μmol/kg QY-8 were injected intratumorally every 2 days for a

total of 5 times. Moreover, the four groups of mice were intra-

peritoneally injected with normal saline, 10 μmol/kg QY-8,

5 μmol/kg QY-13 or 10 μmol/kg QY-13, respectively. The fre-

quency of administration was once every two days for a total of 7

injections. Mice were euthanized when the tumor volume excee-

ded 2000 mm3 or at the termination of the experiment, and the

tumors were stripped and weighed.

Besides, for axillary tumor xenografts established with 4T1-

Luc cells, the in vivo imaging system was used to visualize the
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growth status of tumors. The mice were anesthetized at pre-

determined time points and injected with D-luciferin potassium

salt. Subsequently, the fluorescence signals were recorded using a

Master in vivo imaging system. Images were acquired and

analyzed by Living Image 4.0 software. At the end of the exper-

iment, the major organs were stripped and H&E staining was used

for routine histological analysis.

4.16. Ex vivo fluorescence imaging

To investigate the biodistribution of QY-13, the fluorescent probes

QY-18 and QY-19 were designed and synthesized, and 4T1 tumor-

bearing mouse model was established. When the tumor volume

reached approximately 200‒300 mm3, the mice were randomized

into three groups and received intraperitoneal injections of saline,

10 μmol/kg QY-18, or 10 μmol/kg QY-19. After 24 h, the organs

and tumors were collected and imaged using the in vivo imaging

system (AniView600, BioLight, Guangzhou, China).

4.17. In vitro and in vivo ICD response assessment

MCF-7 cells were seeded in 12-well plates and cultured for 24 h

until reaching 70%‒80% confluency. Culture media containing

different formulations (DMSO, 6 μmol/L QY-8, 6 μmol/L QY-13)

were added to the wells. After 12 h of treatment, the culture su-

pernatants were collected for the detection of released HMGB-1

(HMGB-1 ELISA kit, J&L Biological), ATP (chem-

iluminescence ATP assay kit, Servicebio) and CRT (CRT ELISA

kit, J&L Biological).

To evaluate the ICD response induced by QY-13 in mice,

tumor tissues were harvested and sectioned after different treat-

ments. The levels of HMGB-1 and CRT in tumor sections were

detected by immunofluorescence staining.

4.18. Immunohistochemistry

4T1 tumor-bearing mice were intraperitoneally administered

normal saline, 10 μmol/kg QY-8, or 10 μmol/kg QY-13 every two

days, respectively. After five injections, the mice were euthanized,

and the tumors were carefully excised and fixed with 4% PFA.

Samples were embedded in paraffin and cut into 6 μm thick slices.

Tissue sections were dewaxed, rehydrated, and then underwent

heat-induced epitope retrieval. Following blocking with BSA, the

sections were incubated overnight at 4 ◦C with anti-CD8 (1:400,

GB13429, Servicebio), anti-Ki67 (1:500, GB111141, Servicebio),

or anti-CD31 (1:100, GB13063, Servicebio). After several washes,

the sections were treated with corresponding secondary antibodies

(1:200, GB23303 or GB23204, Servicebio). DAB (Servicebio)

was used as a substrate, and hematoxylin was used as a counter-

stain. Finally, images were acquired using a panoramic scanner

and analyzed with Image-Pro Plus 6.0 software.
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