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Abstract:

Herein, a cyclic lipopeptide CLP5 with a 1,3,4-oxadiazole and tertiary amine structure 

was developed to address issues in tumor chemotherapy like non-specificity, drug 

resistance, and poor bioavailability. The CLP5 not only exhibited anticancer activity 

through membrane breaking and targeting caspase-3, but also self-assembled into stable 

spherical aggregates which encapsulated doxorubicin to form CLP5@DOX 

nanomedicine. The encapsulation efficiency of doxorubicin was 81.46±3.23%. The 

release of DOX from the CLP5@DOX nanomedicine exhibited sustained release and 

pH responsiveness. In vitro experiments showed that CLP5@DOX nanomedicine not 

only had high penetrating membrane activity to induce cancer cell apoptosis, but also 

had low toxicity and high serum stability. Animal experiments showed that 

CLP5@DOX nanomedicine could effectively inhibit tumor growth while reducing the 

adverse reactions and toxicity of DOX. Molecular docking experiments showed that 

CLP5 could activate the caspase-3 to target the apoptosis pathway. In conclusion, CLP5 

has high potential as a drug carrier for clinical cancer treatment.
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1. Introduction

The treatment methods for cancer mainly include chemotherapy, radiotherapy, surgery 

and immunotherapy. Chemotherapy is the primary treatment method, but traditional 

chemotherapy drugs can cause serious adverse reactions and toxicity. Therefore, the 

development of new anti-tumor drugs is urgent[1-4]. Anticancer peptides are considered 

to be a new generation of anti-tumor drugs due to their diversity in structure and 
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function[5-8].

The anticancer activity of polypeptides can be significantly enhanced by 

introducing imidazole heterocycles into the peptide skeleton[9]. 1,3,4-oxadiazole is a 

biologically important scaffold with various biological activities. Research has shown 

that 1,3,4-oxadiazole and its derivatives have strong anticancer activity in the treatment 

of cancer[10-11]. As an internal control element, 1,3,4-oxadiazole not only stabilizes the 

secondary structure of cyclic peptide molecules, but also promotes the formation of 

intramolecular hydrogen bonds, reducing the polar surface area and improving cell 

membrane permeability[12-14]. In addition, 1,3,4-oxadiazole derivatives can activate 

caspase-3, which is overexpressed in various human cancers[15]. Therefore, 1,3,4-

oxadiazole derivatives can target apoptosis pathways and induce cancer cell 

apoptosis[16-17]. In addition, modification of fatty acids can increase the membrane 

permeability, anticancer activity, and prolong the circulation time in the body[18].

Doxorubicin is a traditional chemotherapy drug that has good therapeutic effects 

on solid tumors, but its clinical application is limited by severe toxic side effects[19]. 

The drug delivery system based on the polypeptides can passively target the drug to the 

tumor site by enhancing permeability and retention (EPR) effect, and increase the 

effective concentration of the drug (DOX) at the tumor site and reduce the toxic side 

effects of the drug[20-25], and exert the combined anti-tumor effect, and which further 

overcome the drug resistance.

Herein,  the line peptide P5 was firstly designed and synthesized, and then 1,3,4-

oxadiazole and tertiary amine structures were introduced into the P5 peptide using (N-

isocyanoamino) triphenylphosphane to form a cyclic peptide CP5. Meanwhile, cyclic 

lipopeptide CLP5 was synthesized through the conjugation of CP5 and n-octanoic acid 

to further improve the in vivo stability and anticancer activity of CP5. CLP5@DOX 

nanomedicine was prepared through the encapsulation of CLP5 aggregates to DOX, 

and which could overcome the resistance and reduced toxic side effects of DOX, and 

exerted the combined anti-tumor effect of CLP5 and DOX as shown in scheme 1.
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Scheme 1. Heterocyclic lipopeptide CLP5 based on the oxadiazole structure self-assembles into 
spherical aggregates and encapsulates doxorubicin, which exerts a combined antitumor effect by 
targeting caspase-3 and penetrating membrane.

2. Experiment

2.1 Synthesis of CLP5 cyclolipopeptide

2.1.1Synthesis of P5 linear peptide 

Herein, the P5 peptide (NH-Pro-Ala-Tyr(tBu)-Phe-Gly-COOH) was synthesized with 

the method of solid phase synthesis. The resin was firstly activated, and CTC resin-

Gly-Fmoc (10.0 g, and the loading amount is 0.347 mmol·g-1) was dispersed into the 

anhydrous DMF to swell for 30 minutes（25℃） , and then ninhydrin was used to 

detection, and the next reaction step can be processed if the solution is colorless. Then 

add 20% piperidine to remove the Fmoc protective group. Then filtered, and 

successively washed with DMF, DCM (Dichloromethane) and DMF for 5 times, and 

then re-swelled for 30 minutes in anhydrous DMF, and then Fmoc-Phe-OH (2.855 g), 

DCC (1.862 g), HOBT (1.219 g) and DIEA (1.49 mL) were added to react with stirring 

for 48 hours. Then filtered, and successively washed with DMF, DCM and DMF for 5 

times, and then dialyzed (MW8000-14000) with anhydrous ethanol for about 40 times 

(Every time was about 30 minutes), then the CTC resin-Gly-Phe-Fmoc was obtained 

through the freeze drying. The Fmoc-Tyr(tBu)-OH, Fmoc-Ala-OH and Fmoc-Pro-OH 
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were successively conjugated to obtain the CTC resin-Gly-Phe-Tyr(tBu)-Ala-Pro-NH 

sample according to the same procedure. The CTC resin-Gly-Phe-Tyr(tBu)-Ala-Pro-

NH sample was added to the cutting solution (The volume ratio of TFA to DCM was 1 

to 99) with stirring for 1.5 hours to remove the CTC resin. After the prescribed time, 

add saturated sodium bicarbonate solution to extract and collect the organic phase, and 

the organic phase was condensed to 5 mL, and then poured into glacial ether (40 mL), 

and the precipitates was collected, and washed with ether for many times, and the P5 

peptide (NH-Pro-Ala-Tyr(tBu)-Phe-Gly-COOH) was obtained without further 

purification (Scheme 2). The molecular weight of P5 was further confirmed using a 

mass spectrometer(5800 MALDI-TOF/TOF, AB Sciex, USA).
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Scheme 2. Synthesis of P5 peptide.

2.1.2 Synthesis of CP5 cycle peptide

The cycle peptide CP5 (CP5) was synthesized through the macrocyclization reaction of 

P5, propionic aldehyde and (N-isocyanimino) triphenylphosphorane (Scheme 3). The 

P5 peptide was firstly suspended in a 1:1(V/V) mixture of DCM and acetonitrile 

(DCE:MeCN) with stirring, and the propionaldehyde(1.5 equiv) was added to the 

suspension followed by (N-isocyanimino) triphenylphosphorane (1 equiv) with stirring 

for 24 hours at 50 ℃. After the prescribed time, the crude CP5 sample was obtained 
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after removing the solvent. The crude sample was purified with the 8:2(V/V) eluent 

solution of petroleum ether and ethyl acetate (Petroleum ether: ethyl acetate) and Al2O3 

(200 mesh) solid phase to obtain the pure CP5 sample. The molecular weight of CP5 

was further confirmed using a mass spectrometer (5800 MALDI-TOF/TOF, AB Sciex, 

USA).
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Scheme 3. Synthesis of CP5 cyclic peptide.

2.1.3 Synthesis of CLP5 cyclic lipopeptide

The cycle lipopeptide CLP5 was synthesized through the etherification reaction of CP5 

with the octanoic acid (Scheme 4). The hydroxyl protective group of CP5 was firstly 

removed with the cutting solution (TFA:Tis:H2O=95:2.5:2.5，V/V/V) with stirring for 

1.5 hours, and then concentrated the solution by vacuum distillation, and then the 

solution was precipitated with glacial ether, and then centrifugated (7000 rpm, 10min) 

to obtain the solid sample, and washed for many times with the glacial ether, and the 

sample was obtained after the ether evaparation. The octanoic acid, DCM, EDC, DMAP 

and DIEA were added the above sample with stirred reaction for 12 hours. Then crude 

sample was obtained after removing the DCM, and then purified with the 1:1 eluent 

solution of petroleum ether and ethyl acetate (Petroleum ether:ethyl acetate) and Al2O3 

(100-200 mesh) solid phase to obtain the pure CLP5 sample. The molecular weight of 

CLP5 was further confirmed using a mass spectrometer (5800 MALDI-TOF/TOF, AB 

Sciex, USA).
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Scheme 4. Synthesis of CLP5 cyclic lipopeptide.

2.2 Characterization of aggregate morphology and particle size distribution.

The CLP5 cyclic lipopeptide has the ability to self-assemble and form aggregates in 

aqueous solution. A drop of aggregates solution was dropped to the copper mesh with 

carbon supporting membrane for 2 minutes, and the excessive solution was removed 

from the side of the copper mesh. Then a drop of phosphotungstic acid (1%) was 

dropped to the copper mesh for 2 minutes, and the excessive solution was removed with 

filter paper, and the copper mesh was irradiated with the infrared lamp for 5 minutes to 

make the copper mesh dry, and then the morphology of CLP5 aggregates was observed 

with the TEM (Transmission electron microscopy, JEM-1400, JEOL, JPN). And the 

CLP5 aggregates size and Zeta potential were determined with the Malvin particle size 

analyzer (Zeta sizer Nano ZSP, England).

2.3 The preparation of CLP5@DOX nanomedicine

DOX·HCl (DOX, 1.0 mg) was dissolved into the methanol solution (10 mL, containing 

the 480 mL triethylamine) with stirring for 24 hours under darkness. The CLP5 (1.0 

mg) was dissolved into the methanol, and then the above two solutions were mixed, 

and incubated for 30 minutes at 50℃, the methanol was evaporated using vacuum 

distillation, and the distilled water was added to disperse the sample, and centrifugated 

to obtain the precipitates which was the CLP5@DOX nanomedicine. Solution was the 

free DOX aqueous solution, and the free DOX concentration could be obtained 

according to the standard absorbance curve at 480 nm. The encapsulation efficiency 

(EE) of CLP5 aggregates to DOX could be calculated with the following formula: 

Csup is the concentration of free DOX in supernatant; Ctol is the total 

100%
Ctol
Csup1EE% 






 
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concentration of DOX.

2.4 CLP5@DOX nanomedicine release behavior in vitro

The DOX release behavior in vitro was simulated with the four different buffer 

solutions (pH=7.4 PBS, pH=5.0 PBS, pH=7.4 10% FBS and pH=5.0 10% FBS). Firstly, 

the CLP@DOX nanomedicine was dissolved in the buffer solution and then added to 

the dialysis bag (Molecular weight cutting-off of dialysis bag: 2000 Da). The dialysis 

bag was placed in 20 mL of buffer solution of pH 7.4 and pH 5.0 PBS and 10% FBS at 

37°C for release experiments. At 1 h, 4 h, 12 h, 24 h, 36 h, 48 h, 60 h, and 72 h, 4 mL 

of dialysate was taken out, and 4 mL of fresh dialysis medium was added to maintain 

the same volume of the solution. Measure the absorbance of the dialysis medium using 

a UV-visible spectrophotometer at a wavelength of 480 nm.The accumulated amount 

was calculated with the following formula:

Accumulated release percentage = (niCiV+∑ni-1Ci-1Vextract)/W×100 %  

ni is the taken sample times;Ci is the concentration of every taken sample; V is the 

PBS totalvolume (20 mL)；Vextrac is the taken sample volume (4.0 mL)；W is the DOX 

total amount.

2.5 Cell culture

The HepG2 cells and H22 cells selected for this experiment were obtained from the 

Medical Research Center of Binzhou Medical University. HepG2 and H22 cells were 

inoculated into the culture dish and high sugar medium containing 10% fetal bovine 

serum and 1% double antibody was added respectively, and then incubated in an 

incubator containing 5%CO2 at 37℃ for overnight. Cells with good growth status were 

selected  for the experiment.

2.6 In vitro anticancer activity

The MTT method was used to evaluate the anticancer activity of CLP5 and 

CLP5@DOX nanomedicine with the HepG2 cell line. The HepG2 cells (About 2000 

cells) were inoculated into the 96-well for culture 24 hours to make the cells adherent 

to the wall, and removed the old culture medium. Then the fresh medium contained 

CLP5, DOX and CLP@DOX were added into the 96-well respectively (The 

concentration was 0 μg·mL-1, 20 μg·mL-1, 40 μg·mL-1, 60 μg·mL-1, 100 μg·mL-1 

Page 7 of 34 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



and 120 μg·mL-1 respectively) for 24 hours and 48 hours incubation respectively. Then 

20 μL MTT (5 μg·mL-1) was added for another 4 hours incubation, and removed 

the supernatant, and DMSO (150 μL) was added into each well to dissolve the 

crystal under the darkness to avoid the light irradiation, and shaken for 5 

minutes at 120 r·min-1, and the OD values were determined with the microplate 

reader at 485 nm. The relative cell viability was calculated according to the 

following formula with the absorbance intensity to obtain the anticancer 

activity of CLP5 and CLP5@DOX nanomedicine.

Relative cell survival rate = [(As-Ab) /(Ac-Ab)]×100%

As: The absorbance intensity of sample group; Ac: The control group; Ab: 

The blank group.

RAW 264.7 cells were selected to analyze the cytotoxicity of CLP5 cyclic 

lipopeptide with the same experimental method.

2.7 Serum stability test

In order to evaluate the CLP5 stability in serum, CLP5 were firstly co-cultured with   

10% fetal bovine serum (FBS), and then the anti-cancer activity of CLP5 was tested  

with the MTT method. CLP5 were pre-incubated with 10% FBS and PBS for 24 hours 

and 48 hours separately. When the density of HepG2 cells in Petri dish reached about 

90%, the cells were digested with trypsin and inoculated into 96-well plates (About 

2000/well), and incubated for 24 hours. Then removed the old culture medium,  and the 

CLP5 solution (CLP5 after co-culture with 10% fetal bovine serum (FBS)) was added 

for another 24 hours incubation. After the prescribed time, MTT (20 μL, 5mg·mL-1) 

was added to each well respectively, and incubated for 4 hours at the incubator, and 

removed the supernatant, then DMSO (150 μL) was added into each well and shaken 

(160 r·min-1) for 8 minutes, and the absorbance intensity was determined with the 

microplate reader at 485 nm, and then the relative cell viability was obtained. Cell 

relative viability = [(As-Ab) /(Ac-Ab)]×100%

As: The drug group;  Ab: The blank group;  Ac: The control group.

2.8 Activity study of penetrating cell membrane

2.8.1 The experiment of PI/Hoechst33342 staining
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The HepG2 cell line was used for the PI/Hoechst33342 experiment. HepG2 cells in 

logarithmic growth phase were harvested by trypsinization (0.25% trypsin-EDTA, 37℃, 

3 min) and resuspended in complete DMEM medium (10% FBS, 1% 

penicillin/streptomycin). HepG2 cells in logarithmic growth phase were inoculated into 

a 6-well plate. After HepG2 cells adhered to the wall, GLP5 was co-cultured with 

HepG2 cells for 5 minutes and 30 minutes, respectively, and then removed the old 

culture medium, and fresh culture medium containing propidium iodide (PI) and 

Hoechst33342 (The final concentration of PI was 50 μg·mL-1, Hoechst33342 with a 

final concentration of 5 μg·mL-1) were added, and then incubated in the 6-well plate in 

an incubator for 5 minutes, then rinsed twice with PBS solution. Finally, the cell 

morphology was observed with the  fluorescence microscope.

2.8.2 LDH releasing experiment

LDH (lactate dehydrogenises) is a stable soluble enzyme that exists in the cytoplasmic 

matrix. When cell apoptosis or necrosis occurs, the cell membrane is destroyed, and 

LDH is released into the culture medium. Therefore, the cell membrane penetrating 

ability of CLP5 can be measured quantitatively using an LDH kit. HepG2, which is in 

the logarithmic growth phase, was inoculated into a 96-well plate and cultured for 24 

hours. Then, different concentrations of CLP5 solutions (without serum) were added 

for another 24 hours. TritionX-100(1%, V/V) was added to incubation for 1 h, then 

centrifuged (400 r·min-1) for 5 minutes. The supernatant was transferred to  a new 96-

well plate, and LDH solution (60 μL) was added to each well for 30 minutes incubation 

in dark, and then the OD values were measured at 490 nm, and the 1% tritionX-100 

was used as a positive control group. The LDH releasing amount was calculated using 

the following formula.

LDH（%）=（ODi-ODn）/（ODp-ODn）×100%

ODi: The absorbance intensity of the experiment group; ODp: The absorbance  

intensity of the positive control group; ODn: The absorbance  intensity of the negative 

control group.

2.9 Cell uptake

2.9.1 Laser Scanning Confocal Microscopy (LSCM)
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The LSCM was used to observe the uptake of HepG2 cells to CLP5@DOX 

nanomedicine. The HepG2 cells were recovered to a Petri dish, and incubated for 24 

hours to make the HepG2 cells adhere to the wall. Then the HepG2 cells were 

inoculated into a dish which was used for LSCM observation, and CLP5@DOX 

nanomedicine dispersion solution (2 mL, 10 μg·mL-1) was added for incubation 4 h, 8 

h and 24 h. After the prescribed time, the old medium was removed, and washed with 

PBS (1×) three times, and 2 mL of fresh culture medium was added, and then the cell 

uptake was observed with the LSCM (Excitation wavelength was 488 nm, and the 

emission wavelength was 590 nm).

2.9.2 Flow cytometry (FCM)

The uptake of HepG2 to CLP5@DOX nanomedicine was also quantitatively 

determined with flow cytometry (FCM). The HepG2 cells were firstly inoculated into 

the 6 well plates, and the culture medium (2 mL) was added, and then was incubated 

for 24 hours. After the prescribed time, the old culture medium was removed, and 

CLP5@DOX nanomedicine dispersion solution (2 mL, 20 μg·mL-1) was added for 

incubation 4 h, 8 h and 24 h respectively, and the supernatant in each well was removed, 

and washed with PBS for 3 times. Then the trypsin (1 mL) was added to each well to 

digest the cells. Then the supernatant was removed through the centrifugation for 5 

minutes (1000 r·min-1, room temperature), and PBS (1×, 0.5 mL) was added to the 

centrifuge tube to re-suspend the cells, and then the re-suspended cell was transferred 

to the FCM tube for FCM testing (Excitation wavelength was 488 nm, and the emission 

wavelength was 590 nm).

2.9.3 The mechanism of cell uptake 

The frozen HepG2 cells was firstly resuscitated into a culture dish and cultured  in an 

incubator at 37 ℃，and then the HepG2 cells in the logarithmic growth phase were 

seeded in the  6-well plates. The culture solutions (2 mL) was separately added the 

negative control group, the positive control group and the group of cell uptake inhibitors 

which were amiloride(20 μg·mL -1), chlorpromazine(20 μg·mL -1) and methyl-β-

cyclodextrin(20 μg·mL -1 ) for 1h incubation. After the prescribed time, the 
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culture solutions (2 mL) which contained the CLP5@DOX nanomedicine(10 μg·mL -

1) were separately added into the positive control group,  amiloride group, 

chlorpromazine group and methyl-β-cyclodextrin group for another 3h incubation, and 

the negative group was added into the culture solution (2 mL) for 3h incubation.

Then the culture solution was removed, and washed three times with the PBS(2 mL 

every time). The cells was digested with the trypsin(1 mL) for 1 min , and the culture 

medium (1 mL) was used to terminate the digestion for 1 min.The cells was collected 

and the supernatant was removed through the centrifuge(1000 R/min) for 5 min. The 

cells was re-suspended  with the PBS (0.5 mL) and transfered to the tube of FCM for 

the FCM analysis(The excitation wavelength was 488 nm and the emission wavelength 

was 590 nm).

2.10 In vivo anti-tumor activity

The mice model bearing tumor were constructed to evaluate the anti-tumor activity of 

CLP5 and CLP5@DOX nanomedicine, and the mice (20-25g) used in the experiment 

were all female Kunming white mice, and the animal experiments were executed 

according to the rules of “Guidelines for Care and Use of Animal Experiments” under 

the supervision of Binzhou Medical University(SYXK20210036) which was approved 

by the Department of Science & Technology of Shandong Province. The hemolysis 

experiment was executed to evaluate the hemolytic toxicity of CLP5 and CLP5@DOX 

nanomedicine, and the CLP5 (100 μL,2.25 mg·mL-1) and CLP5@DOX nanomedicine 

(100 μL,2.25 mg·mL-1) were injected into the mice body through the tail vein injection 

respectively, and the normal saline (NS, 100 μL) was used as the control group. After 

2 hours,  the mice blood was collected into the anticoagulant tube from the mice orbit, 

and then diluted with the NS for the morphology observation of  red blood cells under 

the microscope. 

The H22 cells (About 1×106) were subcutaneously injected into the left armpits of 

the mice. The mice were randomly divided into 4 groups when the tumor volume grew 

about 150-220 mm3, and which were NS group, DOX group, CLP5 group and 

CLP5@DOX nanomedicine group. The above mice were administered by tail vein 

injection with the dosage of 100 μL each time. The interval between injections in each 
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group was 1 day, and a total of 4 times were required, the total time was 9 days. The 

mice body weight and tumor volume were determined before every injection. After the 

experiment, the mice were killed using cervical dislocation method for further 

experiments.

HE (Hematoxylin-eosin) staining can provide a more intuitive observation of 

CLP5 and CLP5@DOX nanomedicine on tumors, heart, liver, spleen, lungs, and 

kidneys in mice. The mice tumors, hearts, livers, spleens, lungs and kidneys were firstly 

immersed in 4% paraformaldehyde solution to fix for 24 hours. Then the tumor and 

other tissues were washed. The tumor and other tissues were gradient-eluted with 

ethanol solutions of varying concentrations. Then the tissues were embedded into the 

paraffin wax with tissue embedding machines, and sliced with the tissue slicer (0.5 μm). 

The deparaffinization process was performed by heating the samples at 50-60°C for 1.5 

hours, followed by ethanol treatment (100% anhydrous ethanol) to dissolve the 

embedded paraffin. The sequential protocol was repeated twice to ensure wax removal. 

Tissue slices were stained with the hematoxylin and eosin. Finally the tissue slices were 

sealed with the neutral size, and the tissue slices were observed with the fluorescence 

microscopy.

2.11 Molecular docking of caspase-3 and CLP5 cyclic lipopeptide

The 3D structure of CLP5 was converted with the Chemdraw 3D software. The crystal 

structure of caspase-3 was obtained from the protein database 

(http://www.rcsb.org/PDB). The molecular docking of CLP5 and caspase-3 was 

completed via HDOCK SERVER[26]. Finally, PyMOL software was used to analyze 

and visualize the results of molecular docking.

2.12 Statistic analysis

Quantitative data is represented as mean value ± standard deviation (SD). The method 

of student's t-test was used to statistically analyze the data, and SPSS V26 software was 

used for analysis. Statistical significance is defined as * p<0.05 and ** p<0.01.

3. Results and discussion

3.1 Design and characterization of CLP5

The cyclization of peptides reduces conformational flexibility, thereby improving their 
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metabolic stability, binding affinity, and specificity with target molecules.The 

oxadiazole group was used to cyclize the P5 peptide, and the CP5 peptide has a highly 

conserved conformational geometry, where oxadiazole and tertiary amine contribute to 

conformational stability, forming a cyclic peptide with a rigid structure. 1,3,4-

oxadiazole and tertiary amine act as inner ring control elements, promoting and 

stabilizing the hydrogen bonding network within the molecule. In addition, oxadiazole 

also promotes the passive membrane permeability of the cyclic peptide and improves 

its biological activity. The n-octanoic acid was conjugated with the CP5 to form the 

CLP5 which enhanced the cell membrane permeability, and further resulted in better 

biological activity. 

The characterization of mass spectra was used to verify the synthesis of P5, CP5 

and CLP5. The theoretical molecular weight of the linear pentapeptide P5 was 553.25, 

and as shown in Figure 1a, the negative ion peak of the P5 mass spectrum was 552.05, 

which was consistent with the  theoretical molecular weight of the P5, indicating that 

the P5 had been synthesized. Figure 1b shows the mass spectrum of the cyclic peptide 

CP5, and the theoretical molecular weight of the P5 was 617.70, and the fragment ion 

peak after the loss of one carbon and two nitrogen atoms (-CN2-) is 578.79, which was 

consistent with the molecular weight of the CP5, indicating that the CP5 has been 

synthesized. Figure 1c and Figure 1d showed the mass spectra of the negative ion 

mode ([M+Cl-], Figure 1c) and positive ion mode ([M+NH4
+], Figure 1d) of the cyclic 

lipopeptide CLP5 respectively. The theoretical molecular weight of the CLP5 was 

743.90, which was consistent with that of the mass spectrum of the CLP5, indicating 

that the CLP5 has been synthesized.

The morphological characteristics of the self-assembled aggregates by cyclic 

lipopeptide CLP5 in water were observed with the TEM, and the particle size and Zeta 

potential of the CLP5 aggregates were determined with the Marvin particle size 

analyzer. The CLP5 aggregates are spherical in shape, with a relatively uniform particle 

size and complete morphology, evenly distributed, and no aggregation phenomenon 

occurs (Figure 1e).Seen from Figure 1f, the average particle size of CLP5 aggregates 

in aqueous solution was about 40 nm which make the CLP5 has the EPR effect. Due to 
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the obstruction of lymph reflux in tumor tissue, the retention time of CLP5 aggregates 

in tumor tissue is prolonged, providing a basis for passive tumor targeting. It is 

generally believed that aggregates particle sizes within the range of 20-200 nm have an 

EPR effect. The particle size of the CLP5 aggregate measured by the Marvin particle 

size analyzer was approximately 43.3 nm, with a Zeta potential of 10.3 mv(Figure S1a) 

in aqueous solution and a polydispersity index of 0.345, which indicated that the 

aggregate could maintain good dispersibility in aqueous solution. The CLP5 aggregates 

with positive charges, which can combine with negatively charged cancer cells through 

electrostatic interactions and exert anti-tumor effects. The Zeta potential of 

CLP5@DOX is +30.9mV(Figure S1b), and the following experiment also proved that 

the CLP5 aggregates could be used as an excellent drug carrier.
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Figure 1. Characterization of P5, CP5 and CLP5. (a) Mass spectrometry of P5 peptide. (b) Mass 
spectrometry of CP5 peptide. (c) Mass spectrometry of CLP5 peptide. (d)Mass spectrometry of 
CLP5 peptide. (e) TEM image of CLP5 peptide aggregates. (f) Particle size distribution of CLP5 
peptide aggregates.

3.2 Encapsulation and releasing behavior

DOX, as a classic chemotherapy drug, has good anti-tumor effects, but it can cause 

serious toxic side effects. CLP5@DOX nanomedicine which was prepared by the 

encapsulating of CLP5 aggregates to DOX can slow down the release of DOX and 

reduce its toxic side effects. Meanwhile, DOX can be released from the CLP5@DOX 

nanomedicine which is a prerequisite for its anti-tumor effect. Herein, the encapsulating 

ratio and release behavior were determined through measuring the drug loading ration 

and the in vitro release experiments. The encapsulation efficiency of CLP5 aggregates 

to DOX was 81.46±3.23%, and the high encapsulation efficiency ensure that the 

CLP5@DOX nanomedicine can release sufficient DOX at the tumor site, thereby exert 

better anti-tumor effects.The unlimited proliferation of tumor cells requires Glycolysis 

to provide energy, which produces a large amount of lactic acid, leading to the weak 

acidic microenvironment of tumor tissue. Therefore, the releasing behavior DOX from 

the CLP5@DOX nanomedicine was conducted under neutral and acid pH conditions. 

The experimental results were shown in Figure 2a. The release rate of DOX from the 

CLP5@DOX nanomedicine at pH 5.0 was faster than that at pH 7.4, it may be because 

the depolymerize CLP5 aggregates was faster at pH 5.0 than at pH 7.4, which caused 

the faster releasing in acid solution than in neutral solution. The release rate of DOX 

from the CLP5@DOX nanomedicine was faster in PBS containing 10% serum than 

that of pure PBS as shown in Figure 2b, and the reason may be that the serum contains 

abundant proteases, and the interaction of CLP5 aggregates and protease leads to faster 

depolymerization of CLP5 aggregates in serum than in pure PBS, which leads to faster 
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drug release in the serum. Therefore, the DOX release from the CLP5@DOX 

nanomedicine has the characteristics of pH responsiveness and sustained release, 

thereby reducing toxic side effects and enhancing anti-tumor effects.
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Figure 2. Release of CLP5@DOX nanomedicines at 37°C. (a) Release curves of nanomedicines in 
phosphate buffer saline at pH 5.0 and pH 7.0. (b) Release curves of nanomedicines in fetal bovine 
serum at pH 5.0 and pH 7.0.

3.3 In vitro anticancer activity and serum stability

The anticancer activities of CLP5 and CLP5@DOX nanomedicine were determined 

with the MTT method.The relative HepG2 cell viability were shown in Figure 3a and 

Figure 3b after the co-culture of HepG2 and the CLP5, CLP5@DOX nanomedicine 

and DOX for 24 hours and 48 hours respectively. The experimental results showed that 

with the increase of drug concentration, the relative cell survival rate of cancer cells 

gradually decreased, and which indicated that the killing effect of drugs to cancer cells 

became stronger and stronger. The relative survival rate of HepG2 cancer cells was 

above 80% when the CLP5 concentration was 20 μg·mL-1 for 48 hours incubation, and 

when the concentration of CLP5 was 120 μg·mL-1, the survival rates of cancer cells 

which was co-cultured with HepG2 cells for 24 hours was 52%, which indicated that 

the apoptosis of HepG2 cell was CLP5 concentration dependent. CLP5@DOX 

nanomedicine group and DOX group had the same performance as CLP5 as shown in 

Figure 3a and Figure 3b, and the killing effect on cancer cells became stronger with 

increasing concentration, thus also exhibiting concentration dependence. Compared 

with the Figure 3a and Figure 3b, the relative HepG2 cancer cell survival rate 
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gradually decreased with the time prolongation (24 hours and 48 hours), and which 

indicated that the apoptosis efficiency of CLP5 group and CLP5@DOX nanomedicine 

group were time dependent.

       Polypeptide drugs are susceptible to be degraded and inactivated by protein 

hydrolase in serum after entering the body, so high serum stability is a crucial property 

for ensuring the effectiveness of polypeptide drugs. Firstly, the CLP5 (200 μg⋅mL-1) 

was pre cultured in PBS containing 10% FBS for 24 and 48 hours respectively, and 

then its anti-cancer activity was determined by MTT method to evaluate its serum 

stability. Seen from the Figure 3c, the relative survival rates of HepG2 cancer cells 

after co-culturing with CLP5 for 24 hours and 48 hours were 50% and 46% respectively, 

and the relative survival rates of HepG2 cancer cells after co-culturing with 10% FBS 

for 24 and 48 hours were 48% and 44% respectively, and which indicated that the serum  

had little effect on the anticancer activity of CLP5, and there was no significant change 

in the anticancer ability, which indicated that CLP5 has high serum stability. The high 

serum stability may be attributed to the concealment of its amino and carboxyl ends. 

Additionally, the modification of fatty acids further enhances its serum stability.

The cytotoxicity of CLP5 cyclic lipopeptide was shown in Figure 3d, and the 

relative survival rate of RAW 264.7 cells was still greater than 70% when the 

concentration of CLP5 cyclic peptide reached 200μg·mL -1, and which indicated that 

CLP5 cyclic lipopeptide had very low toxicity to normal cells and good safety. 

In summary, the toxicity of CLP5 cyclic lipopeptide was very low, and the  

anticancer activity of CLP5@DOX was concentration and time dependent.
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Figure 3. In vitro anticancer activity and serum stability. (a) Relative viability of HepG2 cells after 
co-incubation with different concentrations of CLP5,CLP5@DOX nanomedicine and DOX for 24 
h. (b) Relative viability of HepG2 cells after co-incubation with different concentrations of CLP5, 
CLP5@DOX nanomedicine and DOX for 48 h. (c) Relative viability of HepG2 cells incubated with 
120 μg·mL -1 CLP5 cyclic lipopeptide in PBS and 10% FBS solution for 24 h and 48 h.(d) 
Relative cell survival rate after co-culture with RAW 264.7 cells with different 
concentrations of CLP5 cyclic lipopeptide for 24 h. * p < 0.05,** p < 0.01, ***p<0.001, 
****p<0.0001.

3.4 Penetrating membrane activity

Hoechst33342 is a nuclear dye that can penetrate the cell membrane and embed into the 

DNA of cell nuclear, and it can enter the cell in a small amount to make it blue. The 

permeability of damaged cell membranes is enhanced, and the structure of chromosome 

DNA is altered, which results in an increase in the amount of Hoechst33342 dye 

entering, and it make more stable and effective in binding to DNA. The fluorescence 

intensity increases and appears bright blue. PI can only stain the nucleus of cells with 

damaged cell membranes, that is, apoptotic and necrotic cells can be stained by PI 

which make the cell red.

        As shown in Figure 4a and Figure 4b, the cells were blue when co-cultured with 
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CLP5 and HepG2 cells for 5 minutes (Figure 4a), and which indicated that 

Hoechst33342 dye had entered the cells, but there was almost no red fluorescence 

(Figure 4b), which indicated that PI dye almost did not penetrate the cell membrane 

into the cells, and the HepG2 cell membrane was intact without damage. Figure 4c 

showed that the cells showed a bright blue color after co-culturing of HepG2 cells with 

CLP5 for 30 minutes, which was due to the increased membrane permeability of 

apoptotic cells, and the large amount of Hoechst33342 dye entered the cells, which 

resulted in increase of fluorescence intensity. Seen from the Figure 4d, the HepG2 cells 

showed red fluorescence, which indicated that the interaction between CLP5 and 

HepG2 cells for 30 minutes exerted a membrane breaking effect, and lead to the 

permeability increase. So the CLP5  has good cancer cell membrane breaking activity.

Tumor cells contain abundant LDH which cannot pass through the cell membrane 

under normal circumstances. When the cell membrane is damaged, it can be released 

outside the cell. Therefore, the degree of cell damage can be determined by measuring 

the release rate of LDH. LDH detection kit was used to quantitatively measure the 

membrane breaking ability of CLP5. The release rate of LDH gradually increases with 

the increase of CLP5 concentration as shown in Figure 4e. When the concentration of 

CLP5 was 40 μg·mL-1, the release rate was only 42.99%, and the LDH release rate 

could reach 82.18% when the CLP5 concentration increased to 200 μg·mL-1, which 

indicated that CLP5 had certain membrane breaking activity. In summary, CLP5 exerts 

anti-tumor effects by disrupting cancer cell membranes in a concentration dependent 

manner.
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Figure 4. Penetrating membrane activity of the CLP5 cyclic lipopeptide. Fluorescence 
images of CLP5 cyclic lipopeptide co-incubated with HepG2 cells for 5 minutes (a-b) and 
30 minutes (c-d) and then stained with PI/Hoechst 33342 (400×). (e) LDH release 
content from HepG2 cells incubated with different concentrations of CLP5 cyclic lipopeptide for 
24 h, ** p < 0.01, ***p<0.001.

3.5 Cell uptake

The successful uptake of CLP5@DOX nanomedicine by cancer cells is one of the 

important indicators for evaluating the performance of CLP5@DOX nanomedicine. 

Therefore, FCM (Figure 5a-5d) was used to quantitatively study the uptake of HepG2 

cells to CLP@DOX nanomedicine. Seen from the Figure 5a-5d, the fluorescence 

intensity gradually increased with the increasing time of culturing with HepG2 and 

CLP5@DOX nanomedicine, which showed that the release amount of DOX from the 

CLP5@DOX nanomedicine in cells gradually increased, and which indicated that the 
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CLP@DOX nanomedicine released DOX in a time-dependent manner to exert anti-

tumor effects[27-28].

LSCM allows for a more intuitive observation of the uptake of DOX in 

CLP5@DOX nanomedicine by HepG2 cells. Figure 5e-5h showed the uptake of 

CLP5@DOX nanomedicine after incubation with HepG2 cells. Compared with the 

control group Figure 5e, Figure 5f showed that red fluorescence appeared, and which 

was very weak and mainly concentrated around the cytoplasm, and there was no 

significant change in cell morphology after 4 hours hours of interaction between 

CLP5@DOX nanomedicine and HepG2 cells. Figure 5g showed that the cells began 

to deform, and the shape of the cells began to transform from spindle to circular, and 

the red fluorescence of DOX was significantly enhanced after 8 h of co-culturing with 

the CLP5@DOX nanomedicine and HepG2 cells. Figure 5h showed that the red 

fluorescence intensity had reached its maximum, and most of the cells had undergone 

significant changes in shape, transforming from spindle to circular shape. The cells 

begin to contract and undergo apoptosis after 24 hours of co-culturing with the 

CLP5@DOX nanomedicine and HepG2 cells. In addition, red DOX fluorescence 

transfered from the cytoplasm to the nucleus, and a clear red fluorescence appears in 

the nucleus. The results of LSCM showed that the DOX could be slowly released from 

the CLP5@DOX nanomedicine into cells, and aggregated into cells, and exerted the 

anti-tumor effects. The LSCM experimental results were consistent with those of FCM 

experiments results.

The above experiments indicated that CLP5@DOX nanomedicine could be 

successfully uptake by cancer cells. The uptake behavior of nanomedicine by cells 

generally is the endocytosis. The pathways of endocytosis mainly include 

macroendocytosis, reticulin mediated endocytosis, and caveolin mediated endocytosis. 

The pathway of CLP5@DOX nanomedicine which entered into the cell was studied 

with the chlorpromazine (a grid protein dependent endocytosis inhibitor), amiloride (a 

macrocytosis inhibitor), and methyl-β-Cyclodextrin (an endocytosis inhibitor mediated 

by caveolin)which were co-cultured with the HepG2 cells.Compared with the positive 

group(Figure 5 i), the uptake of CLP5@DOX nanomedicine was significantly inhibited 
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by chlorpromazine, and the amiloride also had a certain inhibitory effect, and the 

methyl-β-Cyclodextrin had not inhibitory effect.  The results indicated that the uptake 

of CLP5@DOX nanomedicine by the HepG2 cells may mainly be achieved through 

grid protein dependent endocytosis, as well as through certain macrocytosis.
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Figure 5. Cellular uptake of 10 μg·mL−1 CLP5@DOX nanomedicine. (a) FCM assay of control 
group. FCM assay of HepG2 cells co-cultured CLP5@DOX nanomedicine for 4 h (b), 8 h (c) and 
24 h (d). (e) CLSM assay of control group. CLSM assay of HepG2 cells co-cultured CLP5@DOX 
nanomedicine for 4 h (f), 8 h (g) and 24 h (h) (400 ×). Effect of inhibitors to uptake of 
CLP5@DOX nanomedicine by HepG2 cells(i).
3.6 In vivo antitumor activity

Tumor bearing mouse model was constructed to study the in vivo anti-tumor effects of 

CLP5 and CLP5@DOX nanomedicine[29-31]. Before the in vivo anti-tumor experimental 

study, the hemolytic experiment was carried out to test the CLP5@DOX nanomedicine. 

Seen from Figure 6a-c, the CLP5 group (Figure 6b) and the CLP5@DOX 

nanomedicine group (Figure 6c) showed a disc-shaped, double-sided concave shape of 

red blood cells at the experiment concentration, and there was no change in morphology 

compared to the NS group (Figure 6a), and which indicated that the CLP5 and 
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CLP5@DOX nanomedicine at the experiment concentration did not cause hemolysis, 

so animal experiments could be conducted at the experimental concentration.

Figure 6d showed the change curve of mice body weight with administration time. 

Seen from the Figure 6d, the NS group, CLP5 group, and CLP5@DOX nanomedicine 

group did not show any significant changes, but there was a slight increase. However, 

the mice in the DOX group experienced a significant decrease in weight. It could be 

attributed to the fact that DOX is a broad-spectrum anti-tumor drug that lacks selectivity 

towards tumor tissue and can cause serious toxic side effects on normal cells while 

killing cancer cells. The tertiary amine structure of CLP5 can undergo protonation in 

the tumor environment and interact electrostatically with the negative components of 

the cancer cell membrane, thereby selectively targeting tumor tissue and reducing side 

effects on normal tissue.

The original data of tumor volume were shown in Table S1, Table S2, Table S3 

and Table S4 below, and the changes curve of the mice tumor volume was shown in 

Figure 6e, it could be clearly seen from the Figure 6e that the growth rate and volume 

of tumors in the NS group increased rapidly with time, while in the DOX group and 

CLP5@DOX nanomedicine group, the tumor growth was significantly slowed down, 

and the DOX group was the slowest. Seen from the anatomical map of mouse tumors 

(Figure 6f), the NS group had the largest tumor volume, followed by the CLP5 group 

and the CLP5@DOX nanomedicine group, and the DOX group was the smallest. It 

indicated that CLP5 had certain anti-tumor abilities, and the CLP5@DOX 

nanomedicine have pH response release. Therefore, the CLP5@DOX nanomedicine 

could aggregate at the tumor site, and the DOX was released from the CLP5@DOX 

nanomedicine when the CLP5@DOX nanomedicine reached the tumor and exerted the 

anti-tumor effects. In summary, the experimental results indicated that CLP5@DOX 

nanomedicine could exert the combined anti-tumor effect of DOX and reduce the toxic 

side effects of DOX.

Tumor bearing mice were euthanized after the experiment, and tumor tissue 

sections were stained with HE and observed under microscope to further investigate the 

anticancer effects of CLP5 and CLP5@DOX nanomedicine. The tumor cells in the NS 
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group have intact morphology and tight arrangement as shown in Figure 6g. Compared 

to the NS group, the tumor cell density of the CLP5 group (Figure 6h) decreased, which 

indicated that CLP5 had certain anti-tumor activity. The cellular changes in the DOX 

group (Figure 6i) and CLP5@DOX nanomedicine group (Figure 6j) were more 

significant with extensive necrosis of the tumor tissue, and nuclear contraction and 

dissolution, and apoptosis occurring. It suggested that DOX was successfully released 

from CLP5@DOX nanomedicine to exert anti-tumor effects.
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Figure 6. In vivo activity assessment of CLP5 and CLP5@DOX nanomedicines. Red blood cell 
morphology of mice in NS (a), CLP5 (b) and CLP5@DOX (c) groups after 2 h injection(400×). (d) 
The change of body weight of mice with time. (e) The change of relative tumor volume of mice 
with time. (f) Tumor dissection of tumor-bearing mice. Tumor tissue sections of NS group (g), CLP5 
group (h), DOX group (i) and CLP5@DOX nanomedicine group (j) (200×),and the arrows 
indicateed thenecrotic part of the tumor section.

The hearts, liver, spleen, lungs, and kidneys of mice were dissected and stained to 

study the effects of CLP5 and CLP5@DOX nanomedicine on normal tissues and organs. 

There were no significant differences in the tissues and organs between the NS group, 

the CLP5 group and the CLP5@DOX nanomedicine group as shown in Figure 7, and 

which indicated that CLP5 and CLP5@DOX nanomedicine had good safety. However, 

the DOX group showed  significant changes of the tissues and organs with significant 

pyknosis in the spleen of mice,  and it indicated that DOX had serious toxic side effects 

on the tissues and organs of mice.  In addition, there was a large amount of ferroflavin 

deposition in the spleen slices of mice in the DOX group as shown in Figure 7f, and 

which indicated that the toxic side effects of DOX had caused serious damage to the 

spleen of mice. The ferroflavin was not found in the CLP5 group and CLP5@DOX 

nanomedicine group, and which indicated that CLP5@DOX nanomedicine could exert 

anti-tumor effects while reducing the toxic side effects of DOX. In summary, CLP5 can 

induce the apoptosis of cancer cells through membrane lysis, and also serve as an 

excellent drug carrier to encapsulate chemotherapy drugs and exert combined anti-

tumor effects.
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Figure 7.  Tissue dissection of tumor-bearing mice.  Anatomical pictures of the 
heart (a), liver (b), lungs (c), kidneys (d) and spleen (e). (f) Tissue sections of 
heart, liver, spleen, lung and kidney (200×).

3.7 Molecular docking of caspase-3 and CLP5 cyclic lipopeptide 

Hydrogen bond interaction is the main reason for the activity of oxadiazole 

compounds[32]. Therefore, in order to understand the binding mode of CLP5 cyclic 

lipopeptide and caspase-3, molecular docking experiments were conducted. The results 
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of molecular docking were shown in Figure 8a and Figure 8b, and the CLP5 bond to 

caspase-3 through four hydrogen bonds,  and which activated caspase-3 and induced 

cancer cell apoptosis. The first hydrogen bond was formed between the oxygen atom 

of 1,3,4-oxadiazole and ARG-341 of caspase-3 with 1.9 Å distance (Figure 8b). The 

second hydrogen bond was formed between the nitrogen atom of glycine and the SER-

339 of caspase-3 with 3.0 Å distance. The third hydrogen bond was formed between 

the double bond oxygen of phenylalanine and TYR-338 of caspase-3 with a distance of 

2.4 Å. The fourth hydrogen bond was formed between the double bond oxygen on the 

side chain of the CLP5 and the PHE-381B of caspase-3 with a distance of 2.8 Å. The 

above molecular docking results indicated that CLP5 could exert anti-tumor effects by 

activating the caspase-3 to target apoptosis pathway. Furthermore, molecular docking 

results were consistent with the cell and animal experiments.

Figure 8. Molecular docking results of caspase-3 and CLP5 cyclic lipopeptide.

4. Conclusion

Herein, a cyclic lipopeptide CLP5 which contained both 1,3,4-oxadiazole and tertiary 

amine structures was synthesized with certain penetrating membrane activity and high 

serum stability. CLP5 could self-assemble into spherical aggregates in aqueous solution, 

which could encapsulate DOX to form CLP5@DOX nanomedicine with high DOX 

loading rate. The DOX release from the CLP5@DOX nanomedicine was sustained 

release and pH responsiveness. Cell experiments showed that CLP5 not only had high 

safety but also had certain membrane permeability. CLP5@DOX nanomedicine could 

be effectively uptake by cancer cells and induced cancer cell apoptosis. Animal 

experiments showed that CLP5 aggregates had certain anti-tumor activity, 
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CLP5@DOX nanomedicine could significantly reduce the toxic side effects of DOX 

while exerting anti-tumor effects. Molecular docking experiments had revealed that 

CLP5 targeted caspase-3 to induce apoptosis of cancer cells. In summary, CLP5 

aggregates are an ideal drug carrier, and the CLP5@DOX nanomedicine has the 

application potential in cancer treatment.
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