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Introduction: Chemotherapeutic drugs are often ineffective due to the delivery. Local chemotherapy, which has high drug 
concentration, low systemic toxicity, and long duration, has shown excellent potential. Cationic antimicrobial peptides have been 
proved to enhance the tumor cells’ uptake of chemotherapeutic drugs through the membrane-breaking effect. In this study, we 
designed and developed a thermosensitive gel co-loaded with Dermaseptin-PP and paclitaxel liposomes to increase local 
chemotherapy.
Methods: The paclitaxel liposomes were prepared. Then, it was co-loaded with Dermaseptin-PP in a poloxamer-based thermo-
sensitive gel to obtain Dermaseptin-PP/paclitaxel liposomes gel. The thermosensitivity of gels was investigated by test tube inversion 
method. The rheology was tested by rheometer. The in vitro cytotoxicity and the permeation in tumor of gels were examined by H157 
cells and the 3D cell model, respectively. The retention in tumor and antitumor activity of gels were evaluated by H157 tumor-bearing 
nude mice.
Results: The particle size of paclitaxel liposomes was 148.97 ± 0.21 nm. The encapsulation rate was 86.1%, and the drug loading 
capacity was 19.4%. The gels had slow-release and temperature-sensitive properties. The porous 3D network structure of the gels 
could ensure that the drug was fixed into the tumor. In vitro and in vivo distribution studies showed that Dermaseptin-PP promoted the 
permeation of the gels in H157 multicellular tumor spheres and achieved longer retention in tumor. In vitro and in vivo antitumor 
studies demonstrated that Dermaseptin-PP/paclitaxel liposomes gel significantly inhibited the growth of tumors for local chemotherapy 
with good biosafety.
Conclusion: This study provided a promising nanomedicine platform for combining antimicrobial peptides and chemotherapeutic 
drugs for local chemotherapy.
Keywords: cationic antimicrobial peptides, nanoparticles, temperature-sensitive, membrane-breaking, combination therapy

Introduction
Cancer is one of the most threatening diseases to human health. Lung cancer is the leading cause of cancer deaths, and its 
death rate exceeds that of breast, prostate and pancreatic cancers combined.1 Chemotherapy is still one of the most 
commonly used treatments in clinical practice.2,3 However, chemotherapeutic drugs usually have poor selectivity, low 
bioavailability, and systemic toxic side effects. All these disadvantages result in poor clinical efficacy.4,5 To overcome the 
limitations of chemotherapeutic drugs, antitumor drugs with novel mechanisms and drug delivery systems have been 
extensively researched and developed.

To ensure sufficient drug concentration and duration in tumor, local chemotherapy is often used clinically to achieve 
a high therapeutic index.6–8 The thermosensitive in situ gels has unique advantages in drug delivery.9,10 Therefore, 
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loading chemotherapeutic drugs into gels has been chosen. The drug reservoir in tumor is formed to ensure the drug 
concentration in tumor and prolong the drug action time.11,12 Poloxamer, a triblock copolymer composed of poly 
(ethylene oxide) and poly (propylene oxide), is a promising gel carrier material with excellent biocompatibility, 
biodegradability, non-toxicity.13,14 Notably, a certain concentration of poloxamer has the temperature-sensitive property 
of being liquid at low temperatures and becoming into gels at high temperatures.15

Antimicrobial peptides are a class of short peptides consisting of 10–100 amino acids, which are positively charged 
and amphiphilic.16,17 Currently, more than 250 antimicrobial peptides in Antimicrobial Peptide Database (APD) have 
been found to have antitumor effects. The membrane-breaking effect is considered as the primary antitumor mechanism 
of antimicrobial peptides. Specifically, the peptides bind to the negatively charged tumor cell membranes by electrostatic 
force, disrupt the cell membrane integrity, and thus kill tumor cells.18,19 In short, antimicrobial peptides are one of the 
most promising new antitumor drugs.20,21

Dermaseptin-PP is a cationic antimicrobial peptide that can be classified into Dermaseptin family. It was first 
identified and characterized from the skin secretion of Phyllomedusa palliata. The antitumor activity of antimicrobial 
peptides in Dermaseptin family has been reported.22,23 Based on this, the in vitro and in vivo antitumor activity and 
mechanism of Dermaseptin-PP have been investigated previously,24 and the results showed that Dermaseptin-PP 
exhibited strong in vitro antitumor activity through membrane disruption and apoptosis activation. However, there are 
some limitations of its individual application in antitumor therapy: the amount of natural antimicrobial peptides is small 
and the cost of synthesis is high; the hemolytic toxicity of Dermaseptin-PP at high concentrations is not to be ignored; 
multiple doses are required and the efficacy is not satisfactory. These problems are also common to the other 
antimicrobial peptides.25–27 It has been shown that antimicrobial peptides have synergistic antitumor activity in 
combination with chemotherapeutic drugs and can even reverse the chemotherapeutic drug resistance of tumor cells.

Nanocarriers have significant advantages in altering the drug delivery route, improving drug targeting, and enhancing 
the deep penetration in tumor.28–30 Among them, liposomes are commonly used drug carriers. Liposomes can be simply 
prepared, prolong the blood circulation time of drugs, and have good biocompatibility. The advantages of liposomes in 
improving the efficacy and reducing the toxicity of chemotherapeutic drugs are unparalleled.31–33 Paclitaxel (PTX) is one 
of the most common chemotherapeutic drugs, but its low bioavailability leads to minimal accumulation in tumor and 
significantly limits the application. An increasing number of studies have used nanocarriers loaded with PTX to improve 
its bioavailability and antitumor efficacy.34–36 Currently, several liposomes, such as PTX liposomes for injection, have 
been marketed.

Based on this, a thermosensitive gel co-loaded with Dermaseptin-PP and paclitaxel liposomes (PTXL) was designed 
and developed in this study. Through the characterization, in vitro evaluation, tumor retention observation, and in vivo 
efficacy evaluation of the drug-loaded gels, it was hoped to clarify whether Dermaseptin-PP could be efficiently 
combined with PTXL through its membrane-breaking permeability. Collectively, the design presented here not only 
provided a promising delivery system for local cancer therapy, but also a novel idea for the combination of antimicrobial 
peptides and chemotherapeutic drugs.

Material and Methods
Dermaseptin-PP (Sequence: ALWKDMLKGIGKLAGKAALGAVKTLV-NH2) was purchased from GL Biochem Co., 
Ltd. (Shanghai, China). PTX was purchased from Meilun Biotechnology Co., Ltd. (Dalian, China). mPEG2000, soy 
lecithin (SPC) and cholesterol (CHO) were purchased from Ruixi Biotechnology Co., Ltd. (Xi’an, China). Poloxamer 
407 was purchased from Feng Li Jing Qiu Trading Co., Ltd. (Beijing, China). All other reagents (AR grade) were used 
without further purification.

Human non-small cell lung adenocarcinoma cell line (H157) was purchased from BeNa Culture Collection (Beijing, 
China). H157 cells were cultured in RPMI medium containing fetal bovine serum (FBS, 10%), penicillin (100 U/mL), 
and streptomycin (100 mg/mL). They were incubated under a 5% CO2 atmosphere at 37°C. All cell culture reagents were 
purchased from Gibco (USA).

Male Balb/C nude mice (20 ± 2 g) were purchased from SPF Biotechnology Co., Ltd. (Beijing, China). Animal care 
was performed in compliance with the guidelines of the Ministry of Science and Technology of China (2006) and the 
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related ethical regulations of Beijing University of Chinese Medicine. The protocol of the current study was approved by 
the Ethical Committee (27-5-2018) for Laboratory Animals of Beijing University of Chinese Medicine (No.: BUCM- 
4-2021070501-3007). All experimental procedures were designed to minimize animal suffering and the number of 
animals used.

Preparation and Characterization of Paclitaxel Liposomes
Specifically, 8 mg SPC, 1.15 mg CHO, 4.5 mg DSPE-mPEG2000 (65:25:10, mol:mol:mol), and 3.2 mg PTX were 
dissolved in 3 mL dichloromethane. Then the solution was rotary evaporated at 37°C under reduced pressure to remove 
dichloromethane. 1 mL PBS buffer (pH 7.4) was added into the eggplant-shaped flask, and then whirled to make the lipid 
film completely fall off the flask wall. PTXL was sonicated by ultrasonic cell crusher (SCIENTZ-IID, Ningbo Xinzhi 
Biotechnology Co., Ltd., China) for 5 min. Three samples were set up in parallel.

100 μL PTXL was taken and diluted 10 times with deionized water. 1 mL diluted solution was taken to test its particle 
size, PDI and zeta potential.

Since PTX was insoluble in water, the encapsulation rate (EE) and drug loading (DL) capacity of PTX were 
determined by low-speed centrifugation.37 1 mL PTXL was centrifuged at 582 g for 10 min. 100 μL supernatant was 
added to 900 μL methanol. Then the solution was sonicated for 5 min. The PTX content in the liposomes was determined 
by high-performance liquid chromatography (HPLC, Agilent 1100, USA). Before centrifugation, 100 μL PTXL was 
centrifuged at 1618 g for 5 min. Then, 900 μL methanol was added. The PTX content in the PTXL was determined by 
HPLC.

The content of PTX was quantified by HPLC equipped with a InertsilR ODS-3 column (250 mm × 4.6 mm, 5 μm) 
with 60:40 mixture of acetonitrile and water as mobile phase for isocratic elution, the flow rate was 1.0 mL/min and 
detection wavelength was 227 nm.

The EE and DL were calculated according to the following formulas. m0 is mass of PTX in PTXL. m1 is mass of the 
feeding PTX. m2 is mass of PTXL.

Preparation of Dermaseptin-PP/Paclitaxel Liposomes@Gel
According to the results of the previous study,24 the gels were prepared in the ratio of PTX: Dermaseptin-PP 5:1 (Figures 
S1, S2, Table S1). To prepare Der/PTXL@gel, 200 mg poloxamer 407 and 0.68 mg Dermaseptin-PP were mixed in 1 mL 
PTXL. The solution was stirred to dissolve them fully. Similarly, the blank gel was prepared using the above technique 
without adding Dermaseptin-PP or PTXL. PTXL@gel was prepared without adding Dermaseptin-PP and Der@gel 
without adding PTXL.

Characterization of Dermaseptin-PP/Paclitaxel Liposomes@Gel
Morphology
The blank gel and Der/PTXL@gel were freeze-dried and then observed by scanning electron microscopy (SEM, JEM- 
2100F, Electron Corporation, Japan).

Thermosensitive Properties
The phase transition process of the gels was observed using the test tube inversion method.38 When the temperature of 
Der/PTXL@gel increased 1°C, it was inverted to detect whether it flowed. If it did not flow within 30s, this temperature 
was considered to be the sol-gel transition temperature (Tgel). The states of the blank gel, Der/PTXL@gel at different 
temperatures were photographed.
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Rheological Properties
Rheology analysis of Der/PTXL@gel was carried out by a rheometer system (MARS60, HAAKE, Germany). Der/ 
PTXL@gel was heated at a rate of 2°C/min, and the heating temperature range was 15–45°C. The variation of the storage 
modulus (G′) and loss modulus (G″) with temperature was detected at a frequency of 1 Hz and a strain of 1%. The 
temperature of the intersection of the G′ and G″ curves was the Tgel.

In vitro Drug Release
200 μL samples were taken at 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 16 h and 24 h and used for the determination of 
Dermaseptin-PP and PTX by HPLC. Three samples were set up in parallel at each time point.

The chromatographic conditions for PTX were as before. The chromatographic conditions for PTX were as before. 
The content of Dermaseptin-PP was quantified by HPLC equipped with a InertsilR ODS-3 column (250 mm × 4.6 mm, 5 
μm) with 60:40 mixture of 0.1% trifluoroacetic acid (TFA) aqueous solution and 0.1% TFA acetonitrile solution as 
mobile phase for isocratic elution, the flow rate was 1.0 mL/min and detection wavelength was 280 nm.

In vitro Cytotoxicity
Specifically, H157 cells (7 × 103 /well) were seeded into 96-well plate and incubated overnight at 5% CO2, 37°C. The 
cells were then incubated with PTXL@gel, Der/PTXL@gel and blank gel (PTX: 0.01–10 µg/mL) for 24 h. The cell 
inhibition rate after the incubation was analyzed using CCK-8 assays and calculated according to the following formula.

ODT is the OD of the administration group, ODB is the OD of the blank control group and ODN is the OD of the 
negative control group.

Tumor Permeability in a 3D Cell Model
A 3D cell model was constructed to examine whether Dermaseptin-PP could increase the fluorescence penetration of the 
gels in the tumor. For observation, IR780 was used instead of PTX to prepare IR780 liposome gel (IRL@gel) and 
Dermaseptin-PP-IR780 liposome gel (Der/IRL@gel).

0.5 g agarose was added into 25 mL deionized water and heated for 3 min to dissolve completely. 200 μL agarose 
solution was added dropwise to the bottom of 24-well plate. H157 cells (2 × 103/well) were seeded into pre-coated 24- 
well plate and cultured for 5–7 days to form H157 multicellular tumor spheroids (MCTS). 200 μL of IRL@gel or Der/ 
IRL@gel (IR780: 40 μg) was co-incubated with MCTS for 4 h. Fluorescence penetration of gels at different depths in 
tumor was observed by confocal laser scanning microscope (FV1000, Olympus, Japan).

In vivo Behavior
One of the advantages of gels is the ability to achieve prolonged retention for slow release. Therefore, the retention of the 
gels should be investigated.

To construct the H157 tumor-bearing nude mice, the cells (8 × 106) in 100 μL PBS were inoculated into the nude 
mice. The drug administration was started until the tumors reached the required volumes for the experiment. For 
observation, IRL@gel and Der/IR@gel were still used for the following experiment. The groups were free IR780, 
IRL@gel and Der/IR@gel (IR780: 200 μg/mL). 50 μL of each group was injected slowly into tumor site when the tumor 
volumes were approximately 300–400 mm3. Fluorescence of IR780 was captured using an IVIS Spectrum system 
(MetaMorpH-MIIS, USA) at different intervals (24 h, 48 h, 96 h, 120 h, 144 h).

In vivo Antitumor Effect and Biosafety
The conditions for tumor-bearing mice model construction were the same as before. The groups included control group, 
blank gel group, Der@gel group, PTXL@gel group, and Der/PTXL@gel group. The nude mice with a tumor volume of 
150 mm3 were randomly divided into 6 groups of 5 mice each. The mice in each group were administered 50 μL (PTX: 
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3.40 mg/mL; Dermaseptin-PP: 0.68 mg/mL) every 2 days for three doses. The weight, length and width of the tumors 
were recorded until the end of the experiment. Tumor volumes were calculated according to the following formula. L is 
the length of the tumor and W is the width.

The mice in each group were executed on day 15. The tumor tissues were stripped, photographed and weighed. The 
tumor inhibition rate (TIR) was calculated according to the following formula. WT is the tumor weight of the 
administration group, and WC is the average tumor weight of the control group.

Meanwhile, the major organs (heart, liver, spleen, lungs, and kidneys) were collected and sectioned. The sections 
were stained with H&E kit and then photographed by a fluorescent microscope (NIKON ECLIPSE C1, Nikon, Japan) to 
observe the damage of the organs.

Statistical Analysis
All the data were given as mean ± SD and plotted with GraphPad Prism 8.0. Meanwhile, student’s test was used to 
analyze and compare the differences between the groups.

Results
Preparation and Characterization of Paclitaxel Liposomes
PTXL had a particle size of 148.97 ± 0.21 nm, a PDI of 0.21 ± 0.01, and a zeta potential of −1.01 ± 0.31 mV, indicating 
that the liposomes were uniformly dispersed and stable (Figure 1A, Table S2).

The standard curve of PTX content was established according to the aforementioned HPLC conditions. The standard 
curve was: y = 37885x + 374939, R2 = 0.9993 (Figure 1B). The concentration of PTX could be calculated from the 
standard curve. The EE of PTXL on PTX was 86.1% and the DL capacity was 19.4%, indicating that PTXL had an 
appropriate EE and DL capacity to be loaded into the gels.

Preparation and Characterization of Dermaseptin-PP/Paclitaxel Liposomes@Gel
SEM Images
The freeze-dried blank gel and Der/PTXL@gel were observed by SEM. The blank gel showed a 3D network structure 
with a loose structure and a smooth surface (Figure 1C). After being loaded with drugs, the structure of Der/PTXL@gel 
was denser and the 3D network structure was more apparent. PTXL was clearly observed on the surface of the gels, 
demonstrating that the gels were successfully loaded with PTXL (Figure 1C).

Thermosensitive Behaviors
As shown in Figure 1D, the drugs did not change the temperature-sensitive property of the gels, and the phase transition 
temperature of Der/PTXL@gel was consistent with that of the blank gel. At a low temperature, the gels were flowing. 
When the temperature raised to 27°C, the gels changed to a colloidal state that could not flow.

Rheological Behaviors
The storage modulus (G′) and loss modulus (G″) are the two important indicators to measure the kinetics of gel 
formation. When G″ is greater than G′, the sample is in a gel state and a network-like structure is formed. The curves 
of G′ and G″ with temperature for Der/PTXL@gel were consistent with the results of the test tube inversion experiment 
(Figure 1E). The intersection temperature of G′ and G″ for Der/PTXL@gel was about 27°C. It could be used to form gels 
under body temperature to prolong drug retention time.
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The in vitro Studies of Drug Release by Gels
The results of PTX release in Der/PTXL@gel are shown in Figure 1F. The release of PTX in the gels was slow in PBS 
buffer, and only 32.83 ± 2.71% of PTX was released in 24 h. This indicated that Der/PTXL@gel had slow release 
characteristic. The release results of Dermaseptin-PP in Der/PTXL@gel are shown in Figure 1G. Since Dermaseptin-PP 
was a water-soluble peptide, it was more soluble in PBS buffer and could be released more easily. Its cumulative release 
rate within 24 h was 84.53 ± 3.90%. This release behavior allowed Dermaseptin-PP to be released rapidly from Der/ 
PTXL@gel and to enhance the tumor permeability of PTXL.

The Cytotoxicity of Drug-Loaded Gels
The inhibition ratio of the blank gel was less than 15% at all doses, indicating that the blank gel had no effect on cell 
growth (Figure 2A). Both Der/PTXL@gel and PTXL@gel exhibited concentration-dependent cytotoxicity, and the 
cytotoxicity of Der/PTXL@gel was significantly higher than that of PTXL@gel at all doses. This indicated that the 
addition of Dermaseptin-PP could significantly improve the antitumor activity of PTXL@gel. Notably, the difference in 
the inhibition ratios between Der/PTXL@gel and PTXL@gel was greater when the concentration of PTX was low. When 
the concentration of PTX was 0.01 μg/mL, the inhibition ratio of Der/PTXL@gel was approximately 20% higher than 

Figure 1 The characterization of PTXL and Der/PTXL@gel. Notes: (A) Particle size distribution of PTXL (n = 3). (B) The standard curve of PTX. (C) SEM images of blank 
gel and Der/PTXL@gel. Scale bar, 1μm (×8000), 100 nm (×35000). (D) Appearance and phase transition process of blank gel and Der/PTXL@gel at 4°C or 27°C. (E) 
Temperature dependent rheological behaviors of Der/PTXL@gel. Cumulative release of (F) PTX and (G) Dermaseptin-PP from Der/PTXL@gel within 24 h (n = 3). 
Abbreviations: PTX, paclitaxel. PTXL, paclitaxel liposomes. Der/PTXL@gel, Dermaseptin-PP/paclitaxel liposomes@gel. SEM, scanning electron microscope.
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that of PTXL@gel (Figure 2A). The results suggested that the addition of Dermaseptin-PP could significantly increase 
the antitumor activity of PTXL@gel.

Tumor Permeation Behavior in a 3D Cell Model
A 3D cell model similar to the solid tumor was used to examine the membrane-breaking penetration ability of the drug- 
loaded gels. After 7 days of incubation as described previously, H157 MCTS were successfully constructed (Figure 2B). 
After co-incubation of IRL@gel or Der/IRL@gel with MCTS for 4 h, Der/IRL@gel group showed more vital 
membrane-breaking penetration ability, ie, significantly stronger red fluorescence signals. At the same penetration 
depth, Der/IRL@gel had a more distinct red fluorescent signal in the center of the tumor spheres, indicating that 
Dermaseptin-PP was able to promote drug through membrane-breaking penetration into the tumor (Figure 2C).

Tumor Retention and Distribution of Drug-Loaded Gels in vivo
The retention of free IR780, IRL@gel and Der/IRL@gel at the tumors was examined. The retention time of free IR780 
group at the tumors was short, and its fluorescence intensity decreased from 24 h. Both IRL@gel and Der/IRL@gel 
groups were able to stay at the tumors for a long time after intratumoral administration, and the fluorescence intensity 
remained high until 96 h. This indicated that the gels had a slow-release property and could remain in vivo for a long 
time. In addition, Der/IRL@gel group had higher fluorescence intensity and longer fluorescence retention time than 
IRL@gel group. This might be due to the ability of Dermaseptin-PP to help IR780 penetrate deeper into the tumors. This 
was consistent with the results of in vitro 3D cell model permeability assay (Figures 3 and S3).

In vivo Antitumor Activity and Biosafety
The results of tumor growth trend showed (Figure 4A) that the tumors in the control group (without administration) and 
blank gel group had aggressive growth characteristics with tumor volumes more than 1500 mm3 on day 15. The growth 

Figure 2 In vitro cytotoxicity assay and tumor permeation behavior in a 3D cell model. Notes: The results of the inhibition ratio of blank gel (A), PTXL@gel and Der/ 
PTXL@gel. (B) Microimage of H157 MCTS. Scale bar, 200 μm. (C) The different depths of IR@gel, IRL@gel and Der/IRL@gel treatments in H157 MCTS. Scale bar, 100 μm. 
Data were presented as mean ± standard deviation (n = 6; **** P < 0.0001). 
Abbreviations: PTXL@gel, paclitaxel liposomes@gel. Der/PTXL@gel, Dermaseptin-PP/paclitaxel liposomes@gel. IRL@gel, IR780 liposomes@gel. Der/IRL@gel, 
Dermaseptin-PP/IR780 liposomes@gel.
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of tumors of Der/PTXL@gel group was significantly restrained. As seen from the photographs of the tumors (Figure 4B), 
the control group had the largest tumor volume and Der/PTXL@gel group had the smallest tumor volume. The results of 
tumor weight showed (Figure 4C) that the control group and blank gel group had similar tumor weight which was the 
heaviest, and Der@gel group had a slightly lighter tumor weight. The tumor weights of both PTXL@gel and Der/ 
PTXL@gel groups were significantly lower than the control group, and Der/PTXL@gel group also had a significantly 
lighter tumor weight than PTXL@gel group. The TIR of blank gel, Der@gel, PTXL@gel and Der/PTXL@gel were 
12.0%, 26.4%, 56.3% and 81.7%, respectively. This indicated that single-loaded gels’ in vivo antitumor efficacy was 
weak, while co-loaded gels had stronger in vivo antitumor efficacy.

The changes in body weight of mice could reflect their health status to some extent. During the experiment, the body 
weight of mice in all groups showed a slowly increasing trend (Figure 4D). The H&E staining results of the main organs 
of mice (Figure 4E) showed that there were no noticeable inflammatory reactions and injuries in the heart, liver, spleen, 
lung and kidneys of each administration group, and no evident tumor metastasis was found. The above results indicated 
that Der/PTXL@gel had a good in vivo safety.

Discussion
This study designed and developed a thermosensitive gel co-loaded with Dermaseptin-PP, which was discovered and 
characterized by us for the first time, and PTXL. In this drug delivery system, the peptides played a role in membrane- 
breaking penetration and PTXL achieved local chemotherapy.

Liposomes are commonly used as carriers of chemotherapeutic drugs, which have significant advantages in improving 
therapeutic efficiency and reducing toxicity.31,32 To overcome the low solubility of PTX, PTXL with a particle size of 

Figure 3 Residence time of different gels in tumor after intratumoral injection. 
Abbreviations: IRL@gel, IR780 liposomes@gel. Der/IRL@gel, Dermaseptin-PP/IR780 liposomes@gel.
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148.97 ± 0.21 nm, a PDI of 0.21 ± 0.01, and a zeta potential of −1.01 ± 0.31 mV was firstly prepared. In general, 
nanocarriers of 20–200 nm have the EPR effect to passively target to the tumors. The gels showed a 3D network 
structure. With the addition of drugs, the 3D network structure was denser and more apparent. Fan et al39 developed 
a PTX loaded thermosensitive gel with a gel network structure that extended drug release. So this structure provided 
structural basis for the slow release of drugs. For local chemotherapy, the slow release of drugs is essential to the 
improvement of efficacy and reduction of adverse effects. In the study of Abdeltawab et al,40 a certain concentration of 
poloxamer had the temperature-sensitive property which was liquid at low temperature and turned into gel at high 
temperature. Consistently, the drug-loaded gels we prepared also had a significant temperature sensitivity with the 
variable temperature of about 27°C.

The cytotoxicity of Der/PTXL@gel was more significant than that of PTXL@gel. This was attributed to the fact that 
Dermaseptin-PP could produce a membrane-breaking effect and increase the uptake of PTX by tumor cells.24 The main 
anti-tumor mechanism of Dermaseptin antimicrobial peptide family is to disrupt tumor cell membranes. They could bind 

Figure 4 In vivo antitumor assay and biosafety of different gels in H157 tumor-bearing mice. Notes: (A) Changes in tumor volume of tumor-bearing mice treated with 
different administration groups (n=5). (B) The picture of tumors from each group. (C) Weight of tumors from each group (n=5). *** P < 0.001, **** P < 0.0001 indicated 
a significant difference in tumor weight compared with the control group. # P < 0.05 indicated a significant difference in tumor weight between Der/PTXL@gel group and 
PTXL@gel group. (D) Weight changes of mice in different administration groups (n=5). (E) H&E staining results of heart, liver, spleen, lung and kidneys in different 
administration groups. 
Abbreviations: Der/PTXL@gel, Dermaseptin-PP/paclitaxel liposomes@gel. PTXL@gel, paclitaxel liposomes@gel. Der@gel, Dermaseptin-PP@gel. H&E, hematoxylin and 
eosin.
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to tumor cells through electrostatic effect, insert into cell membranes and create holes. The holes caused the leakage of 
tumor cell contents, thus helping the peptides quickly and effectively kill tumor cells.41,42 The in vitro 3D cell model was 
used to simulate in vivo tumor cells to investigate the membrane-breaking penetration of drug-loaded gels.43,44 

Consistent with the expected results, Dermaseptin-PP resulted in more membrane-breaking penetration and distribution 
of drug-loaded gels.

Thermosensitive gels had a potential to achieve proper dispersion and in situ persistence.9,45 In the study of Geng 
et al,45 a facile one-step method was first developed to fabricate a novel injectable in situ forming photothermal 
modulated hydrogel drug delivery platform (DPPy@PNAs), and it could promise a high drug loading capacity as well 
as precise synchronization between the controllable release of chemotherapeutics and the duration of near-infrared PTT. 
Correspondingly, in our study, in vivo distribution results showed that the drug-loaded gels could achieve prolonged 
retention in tumor and act as a drug reservoir with slow-release effect. Moreover, Dermaseptin-PP was further demon-
strated to improve the membrane-breaking penetration of drug-loaded gels, as evidenced by the stronger fluorescence 
signals and longer fluorescence retention time. The addition of Dermaseptin-PP resulted in a stronger in vivo antitumor 
effect of the drug-loaded gels and enhanced the chemotherapy effect of PTXL. In addition, the biocompatibility and 
toxicity of the drug delivery systems are also important to be investigated.9,10,43,45 During the experimental cycle, the 
weight of mice administered intratumorally in all groups showed slow increase, and no significant damage was observed 
in any of the major organs. Therefore, the drug-loaded gels could be considered to have good biosafety.

Similar drug delivery systems have been reported.9,10,46,47 Gao et al10 designed an in situ drug-loaded injectable 
thermosensitive gel system for the simultaneous delivery of norcantharidin-loaded nanoparticles (NCTDNPs) and 
doxorubicin (Dox) via intratumoral administration to HCC tumors. Drug-loaded gels had good thermal sensitivity and 
both in vivo and in vitro studies showed that drug-loaded gels significantly inhibited tumor growth. This study showed 
that loading the combined drugs into the thermosensitive gels was a promising strategy for the local-regional treatment 
via intratumoral administration. Zhang et al9 developed a temperature-sensitive injectable hydrogel loaded with garcinia 
cambogia nanoparticles and the tumor-penetrating peptide iRGD made of hydroxypropyl cellulose, silk protein and 
glycerol, which exhibited a short gelation time, good compatibility and slow-release properties. Similar to our results, the 
retention effect, local administration and sustained slow release of iRGD facilitated the penetration of nanoparticles into 
the tumor deep. It could be clarified that iRGD played the same role as Dermaseptin-PP. The temperature-sensitive gels 
established in this study achieved local chemotherapy by loading PTXL and membrane-breaking penetration by loading 
Dermaseptin-PP. Using the gels as carriers, its characteristics of good biocompatibility, low toxic side effects, strong drug 
retention and temperature sensitivity could be fully utilized to achieve good drug release from the drug delivery systems. 
In addition, the proposed strategy of combining cationic antimicrobial peptides with chemotherapeutic drugs could be 
considered as a new idea. This strategy was applied to enhance the cell uptake of chemotherapeutic drugs through the 
membrane-breaking effect of antimicrobial peptides and improve the penetration and accumulation of chemotherapeutic 
drugs in tumor. However, intratumoral injection is only suitable for superficial tumors, while intravenous systemic 
chemotherapy should be used for deep tumors prone to metastasis in clinical practice.

Conclusion
In this study, a localized codelivery system of Dermaseptin-PP and PTXL was developed for regional chemotherapy with 
slow-release, thermosensitive properties and a porous 3D network-like structure. Through the unique membrane-breaking 
effect of Dermaseptin-PP, local chemotherapy was realized efficiently. Moreover, in vivo experiments demonstrated that 
intratumoral administration of the drug-loaded gels significantly inhibited tumor growth with good biosafety. 
Collectively, the drug-loaded gels represent a promising drug delivery system for local chemotherapy. In addition, the 
synergistic form of combination of Dermaseptin-PP and chemotherapeutic drugs is broadened and the new idea of 
cationic antimicrobial peptides for antitumor research is also provided.
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