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a b s t r a c t 

Melittin, a classical antimicrobial peptide, is a highly potent antitumor agent. However, 

its significant toxicity seriously hampers its application in tumor therapy. In this study, 

we developed novel melittin analogs with pH-responsive, cell-penetrating and membrane- 

lytic activities by replacing arginine and lysine with histidine. After conjugation with 

camptothecin (CPT), CPT-AAM-1 and CPT-AAM-2 were capable of killing tumor cells by 

releasing CPT at low concentrations and disrupting cell membranes at high concentrations 

under acidic conditions. Notably, we found that the C-terminus of the melittin analogs 

was more suitable for drug conjugation than the N-terminus. CPT-AAM-1 significantly 

suppressed melanoma growth in vivo with relatively low toxicity. Collectively, the present 

study demonstrates that the development of antitumor drugs based on pH-responsive 

antimicrobial peptide-drug conjugates is a promising strategy. 

© 2024 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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1. Introduction 

Melanoma is a heterogeneous and aggressive kind of
skin neoplasm. Despite recent advances in tumor therapy,
melanoma treatment faces enormous challenges. Melanoma
is notorious for its resistance to conventional chemotherapy;
however, it responds well to intratumoral immunotherapy [1] .
The injection of an oncolytic virus has been proven to be an
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effective approach for treating melanoma. Oncolytic viruses
mediate antitumor activity by directly lysing tumor cells and
subsequently inducing antitumor immune responses [1–4] .
Similar to oncolytic viruses, antimicrobial peptides (AMPs)
with membrane-lytic activity are promising antitumor agents
that target tumor heterogeneity [4] . Currently, some AMPs
have entered clinical trials for tumor therapy [4] . 

Melittin, which is derived from bee venom, is a classical
AMP with multiple functions [ 5 ,6 ]. In recent years, melittin has
rsity. 
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Scheme 1 – Synthesis of (A) FITC-AAM, (B) FAM-AAM-1 and FAM-AAM-2, and (C) CPT-AAM-1 and CPT-AAM-2. (D) Schematic 
illustration of antitumor mechanism of CPT-AAM-1. 
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een widely used for tumor treatment because of its robust 
embrane-lytic activity [ 5 ,7 ,8 ]. In addition, melittin has been 

ound to penetrate cell membrane without damaging it at low 

oncentrations, similar to cell-penetrating peptides (CPPs) [9–
1] . Therefore, melittin can be used as an efficient vector to 
eliver various types of cargo into cells. In our previous study,
tearylated melittin and its retro isomer were able to deliver 
53 plasmid DNA into cells [12] . Although melittin has shown 

idespread use, its extreme toxicity and limited specificity 
reatly hamper its clinical application in tumor therapy. 

Recently, several strategies that exploit the tumor 
icroenvironment (such as acidic pH and matrix 
etalloprotease enzymes) have been investigated to improve 

he tumor specificity of AMPs and CPPs [ 7 ,11 ,13-15 ]. The 
lectrostatic attraction between cationic AMPs or CPPs and 

he anionic components of tumor cell membranes plays a 
ivotal role in membrane binding and subsequent membrane 
isruption or penetration [ 13 ,16-18 ]. The pH response strategy 
or controlling electrostatic interactions has been shown to 
e effective in improving the tumor specificity of AMPs and 

PPs [ 11 ,13 ,15 ,19 ,20 ]. 
Histidine, which contains an imidazole side chain, is 

he only amino acid that can shift from the unprotonated 

tate at neutral pH to the protonated state for a positive 
harge at mildly acidic pH. In this regard, histidine has 
een utilized to construct pH-responsive AMPs or CPPs 
ith enhanced specificity for tumor cells [ 15 ,21-23 ]. Our 
revious studies have also shown that replacing lysines 
nd arginines with histidines is an effective strategy for 
esigning acid-activated CPPs [ 20 ,24 ,25 ]. In this study, we 
esigned novel melittin analogs with strong pH-responsive,
embrane-lytic, and cell-penetrating activities. To this end,
e synthesized pH-responsive analogs by replacing the lysine 
nd arginine residues in melittin with histidine ( Scheme 1 
nd Table S1). The antitumor drug camptothecin (CPT) was 
onjugated to the melittin analogs via a disulfide-releasing 
arbonate linker ( Scheme 1 C). We expected that these melittin 

nalog-CPT conjugates would possess two functions under 
cidic conditions ( Scheme 1 D): at high concentrations, they 
ould kill tumor cells by membrane disruption, and at 

ow concentrations, they would kill tumor cells by releasing 
PT. To the best of our knowledge, there are no reports 
n these types of histidine-containing melittin analogs or 
heir corresponding antimicrobial peptide-drug conjugates.
herefore, a series of experiments was performed to examine 

he cell-penetrating, membrane-lytic, and antitumor activities 
f the developed melittin analogs and their conjugates. 

. Materials and methods 

.1. Materials 

ydroxybenzotriazole, O-benzotriazole-N,N,N’,N’-tetrameth 

l-uronium-hexaf were purchased from GL Biochem 

td (Shanghai, China). MBHA resin were purchased 

rom Nangkaihecheng Ltd (Tianjin, China). N,N- 
iisopropylethylamine, trifluoroacetic acid, triisopropylsilane,
,2-ethanedithiol and piperidine were purchased from 

igma-Aldrich (USA). FAM maleimide (6-isomer) and 

y5.5 maleimide were purchased from Lumiprobe 
USA). CPT was purchased from Innochem (Beijing,
hina), 2,2-dithiodipyridine, 2-mercaptoethanol, 4- 
imethylaminopyridine and triphosgene were purchased 

rom Meryer (Shanghai, China). Acetonitrile was 
urchased from Energy Chemical (Shanghai, China). N,N- 
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dimethylformamide was purchased from Rongcheng
Chemical (Chengdu, China). Methanol, dichloromethane,
trichloromethane, ethyl acetate, petroleum ether and diethyl
ether were purchased from Rionlon (Tianjin, China). DMEM
medium and fetal bovine serum (FBS) were purchased
from Gibco BRL (USA). Propidium iodide (PI), calcein, 3-(4,5-
dimethyl-2-thiazolyl)−2,5-diphenyl tetrazolium bromide
(MTT), Triton X-100, dimethyl sulfoxide and Cremophor
EL were purchased from Sigma-Aldrich (USA). Propidium
Iodide Kit was purchased from ThermoFisher Scientific
(USA). CytoTox-ONE kit for LDH release assay was purchased
from Promega (USA). LysoTracker Red was purchased from
Beyotime Biotechnology (Shanghai, China). 

2.2. Cells and animals 

B16-F10 cells were cultured in DMEM medium supplemented
with 10% FBS at 37 °C under 5% CO2 humidified atmosphere.
Six-week-old female C57BL/6 mice were provided by Lanzhou
Veterinary Research Institute. Animal experiments were
conducted in accordance with the European Community
Guidelines. Animal studies were approved by the Ethics
Committee and Institutional Animal Care and Use Committee
of Lanzhou University (Permit Number: SYXK Gan 2018-0002).

2.3. Synthesis of peptides and peptide-CPT conjugates 

All peptides were synthesized by standard Fmoc-based SPPS
method. FITC-labeled peptides and peptide-CPT conjugates
were synthesized as previously described [26] . The fluorescein
moiety (FAM maleimide or Cy5.5 maleimide, 3 mg) was linked
via a thioether bond to the cysteine residue of peptides
(9 mg) in 2 ml HEPES buffer at room temperature for 12 h.
All compounds were purified and analyzed by HPLC using
a C18 column and then characterized by ESI-TOF. FITC-TP10,
melittin, FITC-melittin, TH and D-H6L9 used in this study were
previously synthesized in our lab. 

2.4. Cellular uptake assay 

To determine the cell-penetrating activity of melittin analogs,
1 × 105 B16-F10 cells were seeded in each well of a 24-
well microplate and cultured overnight. After 1-h incubation
with serum-free medium containing FITC-labeled (5 μM) or
FAM-labeled peptides (5 μM) at different pH conditions, the
cells were harvested and subsequently analyzed by BD FACS
Caliber. 

To visualize the internalization of melittin analogs and
peptide-CPT conjugates, 6 × 104 B16-F10 cells were seeded in a
glass-bottomed culture dish and cultured overnight. After 1-h
treatment with serum-free medium containing FAM-labeled
peptides (5 μM) or peptide-CPT conjugates (5 μM) at pH 7.4
or 5.5, the cells were washed with PBS and subsequently
visualized by Zeiss LSM 710 confocal microscope. 

2.5. Endosome escape assay 

To visualize the effect of melittin analogs on endosomal
membrane stability, 6 × 104 B16-F10 cells were seeded in
a glass-bottomed culture dish and cultured overnight. After
1 h treatment with serum-free medium containing calcein
(30 μg/ml) with or without peptides (5 μM) at pH 5.5, the
medium was removed, and LysoTracker Red (100 nM) was
added to stain lysosomes for another 30 min. Finally, the cells
were washed with PBS and visualized by confocal microscope.

To visualize the endosomal escape of melittin analogs,
6 × 104 B16-F10 cells were seeded in glass-bottomed culture
dish and cultured overnight. After 1-h treatment with serum-
free medium containing FAM-labeled peptides (5 μM) at pH
5.5, the medium was removed and LysoTracker Red (100 nM)
was added to stain lysosomes for another 30 min. Finally,
the cells were washed with PBS and visualized by confocal
microscope. To evaluate the endosomal escape ability of
peptides at different incubation times, cells were treated with
FAM-AAM-1 (5 μM) at pH 5.5 for 15 min (This time point was
considered as 0 min). Following further incubation for 15, 30
and 60 min, the medium was removed and LysoTracker Red
(100 nM) was added to stain lysosomes for another 30 min.
The quantification of co-localization was performed by means
of Pearson’s correlation coefficient (R) utilizing the ImageJ
software. 

2.6. In vitro drug release 

To estimate the drug release behavior of CPT-AAM-1 in
different conditions, the CPT-AAM-1 solution was added to
a solution containing 10 mM of glutathione (GSH) or 10 mM
of dithiothreitol (DTT) at a final concentration of 1 mg/ml.
Samples were analyzed using RP-HPLC at predominant time
points (UV detection at 220 nm). 

2.7. Circular dichroism (CD) measurements 

AAM and peptide-CPT conjugates were dissolved in a 50%
TFE/PBS (v/v) solution with pH 7.4 or 5.5 at a concentration
of 50 μM. CD spectra of the peptides from 195 to 260 nm were
obtained on a J1500 spectrophotometer, with a scanning speed
of 50 nm/min, step size of 0.1 nm, and a duration of 0.5 s using
a 2 mm path length cell. 

2.8. In vitro cytotoxicity assay 

To study the in vitro antitumor activity of free CPT and
conjugates, 5 × 103 B16-F10 cells were seeded in each well of a
96-well plate and cultured overnight. After 1 h treatment with
compounds at pH 5.5 or 7.4, the remaining supernatant was
replaced with fresh serum-contained DMEM and cultured for
another 72 h. The cytotoxicity of compounds was evaluated by
MTT assay. 

To study the short-term cytotoxicity of peptides and their
conjugates, 1 × 104 B16-F10 cells were seeded in each well of
a 96-well plate and cultured overnight. After 1 h incubation
with compounds at different pH conditions. The cytotoxicity
of compounds was evaluated by MTT assay. Melittin, d -H6L9
and TH were used as positive controls. 

2.9. Caspase-3 activity assay 

B16-F10 cells (5 × 105 ) were seeded in each well of a 6-
well plate and cultured overnight. Following treatment with
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eptides for 24 h, caspase-3 activity was assessed using a 
aspase-3 assay kit (Beyotime). 

.10. Cell cycle assay 

o evaluate the influence of melittin analogs and their 
onjugates on cell cycle, 2 × 105 B16-F10 cells were seeded 

n each well of a 6-well plate and cultured overnight. After 1 
 treatment with melittin (2 μM), CPT (5 μM), AAM analogs 

5 μM) and conjugates (5 μM) at pH 5.5, the remaining 
upernatant was replaced with fresh serum-containing DMEM 

nd cultured for another 24 h. Subsequently, cells were 
ollected and fixed in 70% ethanol overnight. After staining 
ith PI according to the operation manual of the kit, the cell 

ycle was analyzed by flow cytometry. 

.11. LDH release assay 

o study the effects of melittin analogs and their conjugates 
n the membrane integrity, 1 × 104 B16-F10 cells were seeded 

n each well of a 96-well plate and cultured overnight. After 1 h 

reatment with compounds at pH 7.4 or 5.5. The LDH release of 
ells was evaluated by CytoTox-ONE Kit (Promega). Untreated 

ells were defined as no LDH leakage and total LDH release 
rom cells lysed with lysis solution was defined as 100% LDH 

eakage. 

.12. PI uptake assay 

o study the membrane-disruptive activity of melittin analogs 
nd their conjugates, 6 × 104 B16-F10 cells were seeded 

n glass-bottomed culture dish and cultured overnight.
fter 1 h treatment with different agents (10 μM) at 
H 5.5, the remaining agents were replaced with fresh 

MEM containing PI solution (1 μg/ml). After 10 min 

ncubation, the cells were visualized by confocal microscope.
he cells treated with melittin were used as positive 
ontrols. 

To further study the membrane-lytic kinetics of melittin 

nalogs and their conjugates, 6 × 104 B16-F10 cells were 
eeded in glass-bottomed culture dish and cultured overnight.
fter replacing the medium with DMEM containing PI 

1 μg/ml) at pH 5.5, different agents were added to the solution 

t a final concentration of 10 μM. Immediately, the time-lapse 
maging of cells was visualized by confocal microscope and 

mages were taken every 1 min for 30 min. 

.13. Hemolysis assay 

o study the hemolytic activity of melittin analogs and their 
onjugates, whole mouse blood was collected in heparin 

ubes. After a centrifuge (1,000 × g ) for 15 min, the pellets 
ere washed three times with PBS and resuspended in PBS 

o 10% (v/v). The erythrocyte suspension was mixed with 

ifferent compounds in 96-well plate for 1 h at 37 °C. After 
entrifuge, the supernatants (100 μl) were collected and the 
bsorbance at 450 nm was detected. Cells treated with PBS 
nd 0.1% Triton X-100 were used for 0 and 100% hemolysis,
espectively. 
.14. In vivo antitumor efficacy study 

o study the in vivo antitumor activity of AAM, AAM-1 and CPT- 
AM-1, 5 × 105 B16-F10 cells were injected subcutaneously 

nto the right flank of female C57BL/6 mice (8 mice/group).
hen the tumor volume reached 40–50 mm3 , 50 μl PBS (pH 

.5) containing CPT (0.02 mg), peptides (0.2 mg) or conjugates 
0.2 mg) was intratumorally injected once a day for three 
onsecutive days. The first day of injections was designated 

s Day 0. Tumor sizes and mouse weight were measured 

n Day 0, 1, 2, 3, 6, 9, 12 and 15. The subcutaneous tumor
olume was calculated based on the following formula: 
olume = length × (width)2 × 0.5. To evaluate the effects of 
herapy and the toxicity of compound, tumor tissue and major 
rgans were excised on Day 3 and stained with hematoxylin 

nd eosin (H&E) for histopathologic examination. 

.15. In vivo and ex vivo fluorescence imaging 

hen the tumor volume reached 70–100 mm3 , mice ( n = 4) 
ere treated with a single intratumoral injection of Cy5.5- 
AM-1 at a dose of 0.2 mg. Whole-body optical images were 

aken at predominant time points (0, 1, 4 and 24 h) using 
uorescence imaging system (VISQUE® Invivo Smart-LF). At 
4 h after injection, the mice were sacrificed, and the tumor 
issues and major organs were excised. After washing with 

BS, the optical images of the tumor tissues and major organs 
ere taken using fluorescence imaging system. 

.16. Statistical analysis 

he experimental data obtained from three independent 
xperiments were expressed as means ± SD. Statistical 
nalysis was made using one-way ANOVA. P < 0.05 was 
onsidered to indicate a significant difference. 

. Results and discussion 

.1. pH-responsive cellular uptake of histidine-containing 
elittin analogs 

irst, FITC-labeled melittin and histidine-containing AAM 

ere synthesized by conjugating the classical fluorescent 
olecule FITC to their N-terminal amino groups ( Scheme 1 A).

ased on our previous experience, the antimicrobial peptide 
elittin, which has extremely strong membrane-lytic activity,

isplays high cell-penetrating activity at low concentrations 
 27 ,28 ]. However, the results derived from flow cytometry 
howed that FITC-melittin displayed lower cellular uptake 
han the positive control FITC-TP10 ( Fig. 1 A), which is a 
lassical CPP with high cell-penetrating activity [29] . In 

ddition, FITC-AAM at pH 5.5 showed approximately two-fold 

igh cell-penetrating activity compared with pH 7.4 ( Fig. 1 A 

nd S1A). Overall, the cell-penetrating activity of FITC-AAM 

id not reach the desired level. We postulated that conjugation 

f the FITC molecule to the N-terminal amino groups of 
elittin and AAM might impair their cell-penetrating activity.

n this context, we designed and synthesized AAM-1 with a 
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Fig. 1 – Cellular uptake of melittin and its analogs at different pH values. Flow cytometry analysis of B16-F10 cells treated 

with 5 μM of (A) FITC-labeled peptides or (B) FAM-labeled peptides after 1 h incubation. (C) Confocal images of B16-F10 cells 
treated with FAM-labeled peptides. Data represent the mean ± SD ( n = 3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

glutamine-to-cysteine substitution at position 26 of AAM and
AAM-2 with a glycine-to-cysteine substitution at position 1
of AAM. Subsequently, 6-FAM maleimide was conjugated to
the thiols of the cysteine residues of AAM-1 and AAM-2 by a
stable thioether bridge ( Scheme 1 B). Fig. 1 B and S1B show that
the cellular uptake of FAM-AAM-1 displayed a significant pH-
dependent effect, whereas FAM-AAM-2 displayed no obvious
increase in cell-penetrating activity under acidic conditions
compared to that at pH 7.4. Notably, FAM-AAM-1 at pH 5.5
showed approximately ten-fold high cell-penetrating activity
compared with pH 7.4, indicating that FAM-AAM-1 displayed
strong cell-penetrating activity under acidic conditions. In
addition, FAM-AAM-1 displayed significantly stronger cell-
penetrating activity than FAM-AAM-2 at pH 5.5. Confocal
microscopy results showed that FAM-AAM-1 exhibited higher
cellular uptake in B16-F10 cells at pH 5.5 than that at pH
7.4, whereas FAM-AAM-2 weakly exhibited this tendency
( Fig. 1 C). This result strongly supported the flow cytometry
data, implying that AAM-1 derived from the antimicrobial
peptide melittin has strong cell-penetrating activity. In
addition, our results demonstrate that the C-terminus of AAM
is more suitable for drug conjugation than its N-terminus. 

In addition to direct translocation through the plasma
membrane, endocytosis-mediated uptake has been
demonstrated to be the major route for the cellular uptake
of most CPPs [ 30 ,31 ]. Therefore, many modification strategies
have been employed to promote endosomal escape of
CPPs, such as the introduction of histidine or conjugation
with membrane-lytic peptides [32–36] . To evaluate the
effects of AAM-1 and AAM-2 on endosomal membrane
integrity, a calcein leakage assay was performed. Calcein
can be used as a probe to evaluate endosomal membrane
disruption because its fluorescence becomes bright green
after escaping the endosome into the cytoplasm [ 20 ,35 ]. Fig. 2 A
showed that untreated cells displayed yellow fluorescence,
indicating that calcein was entrapped in the endosomes.
Green fluorescence in AAM-1-treated cells became brighter,
whereas an increase in green fluorescence in AAM-2-treated
cells was not apparent. This result demonstrates that AAM-1
displays stronger endosome-disruption activity than AAM-2.
To evaluate the endosomal escape activity of these analogs,
we observed the co-localization between FAM-labeled analogs
and LysoTracker Red-labeled endosomes. As shown in Fig. 2 B,
most of the green fluorescence was seen in B16-F10 cells
after treating with FAM-AAM-1 at pH 5.5, whereas relatively
little yellow fluorescence (overlap of the green fluorescence of
FAM-labeled analogs and the red fluorescence of LysoTracker
Red-labeled endosomes/lysosomes) was visible. This result
demonstrates that a large number of FAM-AAM-1 molecules
were in the cytoplasm rather than in the endosome, indicating
the high endosomal escape activity of AAM-1. In contrast,
more yellow fluorescence was seen in FAM-AAM-2-treated
cells, indicating that AAM-2 has weaker endosomal escape
activity than AAM-1. In addition, we further explored the
endosomal escape of FAM-AAM-1 at different incubation
times. Fig. 2 C showed that the yellow fluorescence intensity in
B16-F10 cells after FAM-AAM-1 treatment became gradually
weak with prolonged incubation time. In addition, we
quantified the endosomal localization of FAM-AAM-1 by
calculating the Pearson’s correlation coefficients ( r ) between
the green fluorescence signals from FAM-AAM-1 and the
red fluorescence signals from LysoTracker Red. Fig. 2 D
showed that the r -values became gradually low over time,
indicating that more FAM-AAM-1 molecules escaped from
the endosome. In short, high endosomal escape efficiency
implies that AAM-1 may be capable of delivering more drugs
into the cytoplasm to exert its functions. 

3.2. Drug release of histidine-containing melittin 

analog-CPT conjugates 

Peptide-drug conjugates (PDCs) represent an effective
strategy for improving tumor specificity and overcoming
efflux-mediated multidrug resistance to conventional
chemotherapy drugs [37–39] . Owing to tumor heterogeneity,
CPPs exhibit certain advantages for antitumor drug delivery
compared with tumor cell surface receptor-targeting peptides
[ 39 ,40 ]. Histidine-containing CPPs with acid-activated cell-
penetrating activity are considered efficient carriers for
selectively delivering conventional antitumor drugs into
tumor cells [ 23 ,24 ,41 ]. Therefore, we synthesized acid-
activated PDCs by attaching the antitumor drug, CPT, to AAM-
1 and AAM-2 using a disulfide-releasing carbonate linker
( Scheme 1 C). The free thiol formed after reduction can cyclize
into the proximate carbonyl group of the linker, resulting in
the release of free CPT ( Scheme 1 D). To evaluate the release
of CPT from conjugate, we established the sensitivity of
CPT-AAM-1 to biochemical reduction. Our results showed
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Fig. 2 – Endosomal escape of peptides: (A) Confocal images of B16-F10 cells co-treated with calcein and peptides (5 μM) for 
1 h at pH 5.5. (B) Confocal images of endosomal/lysosomal localization of FAM-labeled peptides (5 μM) in B16-F10 cells. Cells 
were treated with 5 μM of FAM-labeled peptides for 1 h at pH 5.5. (C) Confocal images of endosomal/lysosomal localization 

of FAM-AAM-1 (5 μM) in B16-F10 cells at predominant time points. (D) Pearson correlation coefficients between FAM-AAM-1 
and endosome/lysosome. 

Fig. 3 – Stability of CPT-AAM-1 in (A) 10 mM of DTT solution and (B) 10 mM of GSH solution. 
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hat the degradation of CPT-AAM-1 occurred in DTT or GSH 

olution, accompanying by the release of CPT ( Fig. 3 , S2 and 

3). The degradation rate of CPT-AAM-1 in DTT solution was 
learly faster than that in GSH solution, possibly owing to the 
eaker reducing power of GSH. 

.3. Structure of histidine-containing melittin analog-CPT 

onjugates 

he α-helical structure has been identified as a critical 
actor in regulating the membrane-permeabilizing activity of 

elittin [42] . Consequently, we studied the second structures 
f AAM, CPT-AAM-1 and CPT-AAM-2 in a TFE/PBS solution 

ith pH values of 7.4 or 5.5. As shown in Fig. S4, AAM, CPT- 
AM-1 and CPT-AAM-2 exhibited typical α-helical structures,
nd their helical content did not show a significant difference.
aintaining a certain degree of helical conformation is an 

mportant condition for these conjugates to exert membrane- 
ermeabilizing activity. 

.4. pH-responsive cytotoxicity of histidine-containing 
elittin analog-CPT conjugates 

he cellular uptake of CPT-AAM-1 and CPT-AAM-2 was 
bserved using confocal microscopy. As shown in Fig. 4 A,
lue fluorescence under near UV excitation was observed 

n CPT-treated B16-F10 cells at different pH values, while 
he distinction of fluorescence intensity between pH 7.4 
nd pH 5.5 was not obvious. Contrastly, the fluorescence 
ntensity in CPT-AAM-1- and CPT-AAM-2-treated cells at pH 

.5 was stronger than that at pH 7.4, demonstrating that 
he cellular uptake of CPT-AAM-1 and CPT-AAM-2 was pH- 
ependent. More importantly, the fluorescence intensity in 

PT-AAM-1-treated cells was stronger than that in CPT- 
nd CPT-AAM-2-treated cells at pH 5.5, implying that CPT- 
AM-1 may display high antitumor activity under acidic 
onditions. 

Subsequently, the cytotoxicity of these conjugates against 
16-F10 cells was determined. As shown in Fig. 4 B, CPT- 
AM-1 and CPT-AAM-2 displayed significant pH-dependent 
ntitumor activity after 72 h of treatment, whereas the 
ytotoxicity of CPT showed no obvious difference at pH 

.4 and 5.5. Notably, CPT-AAM-1 and CPT-AAM-2 exhibited 

reater cytotoxicity than free CPT under acidic conditions,
articularly at high concentrations. Compared to CPT-AAM- 
, CPT-AAM-1 displayed strong antitumor activity, suggesting 
hat AAM-1 could deliver more CPT molecules into cells. In 

ddition, this result further demonstrates that the C-terminus 
f AAM is more suitable for drug conjugation than the N- 
erminus. 
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Fig. 4 – (A) Confocal images of B16-F10 cells treated with peptide-CPT conjugates (5 μM) for 1 h at different pH values. (B) 
Cytotoxicity of peptides and conjugates against B16-F10 cells after 72 h incubation. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. (C) 
Cell cycle distribution of B16-F10 cells treated with different peptides and conjugates at pH 5.5 for 24-h incubation. Data 
represent the mean ± SD ( n = 3). ∗∗P < 0.01, ∗∗∗P < 0.001 versus control. (D) Determination of caspase-3 activation in 

conjugate-treated B16-F10 cells. ∗P < 0.01, ∗∗∗P < 0.001 versus control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To confirm the role of CPT in the cytotoxicity of CPT-AAM-
1 and CPT-AAM-2, the cell cycle alternation was detected
after 24 h of drug treatment. As shown in Fig. 4 C and S5,
CPT significantly increased the cell proportion in the G2/M
phase and decreased the cell proportion in the G0/G1 and
S phases, whereas AAM-1- and AAM-2-treated cells showed
no obvious changes in the cell cycle. In contrast, CPT-AAM-
1 and CPT-AAM-2 induced a higher cell proportion in the
G2/M phase than CPT alone. As an inducer of apoptosis, CPT
can initiate the intrinsic pathway by activating caspase-3 [43] .
Consequently, the activation of caspase-3 in CPT-AAM-1- and
CPT-AAM-2-treated cells was detected using a caspase activity
assay kit. As shown in Fig. 4 D, CPT, CPT-AAM-1 and CPT-AAM-
2 significantly activated caspase-3, and CPT-AAM-1 caused
more caspase-3 activation. These results demonstrate that
CPT-AAM-1 and CPT-AAM-2 inhibited cell growth by releasing
CPT upon entry into cells. 

3.5. pH-responsive membrane-lytic activity of 
histidine-containing melittin analog-CPT conjugates 

The typical mechanism of action of AMPs is membrane
disruption, which not only effectively kills conventional
drug-resistant tumor cells, but also does not easily induce
drug resistance [ 4 ,16 ]. More importantly, AMPs can target
tumor heterogeneity by driving antitumor immune responses
induced by the release of danger-associated molecular
patterns (DAMPs) from membrane-damaged cells [4] . Based
on the strong membrane-lytic activity of melittin, we
expected that histidine-containing melittin analogs and their
conjugates would kill tumor cells by membrane disruption in
a pH-dependent manner. 

To understand the short-term cytotoxicity of melittin
analogs and their conjugates, the MTT assay was used to
evaluate their cytotoxicity against B16-F10 cells at various pH
values after 1 h of incubation. Fig. S6 showed that melittin
exhibited high cytotoxicity to B16-F10 cells, even at 1.25 μM, at
various pH values, while its cytotoxicity displayed no obvious
pH dependence. In contrast, the cytotoxicity of AAM was
concentration- and pH-dependent. TH, a histidine-containing
CPP developed in our laboratory, displays pH-responsive
membrane-lytic activity at high concentrations [24] . D-
H6L9, a histidine-containing AMP developed by Shai et al.,
displays pH-dependent antitumor activity [15] . Therefore,
we selected TH and D-H6L9 as positive controls in this
study. Although our results showed that AAM exhibited less
cytotoxicity than melittin, its cytotoxicity was significantly
stronger than that of TH and D-H6L9 especially at pH 6.0
and 5.5 (Fig. S6). Subsequently, the cytotoxicity of AAM-1,
AAM-2, and their CPT conjugates at different pH values was
evaluated after 1 h of drug treatment. AAM-1 showed similar
levels of cytotoxicity against B16-F10 cells, whereas AAM-2
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Fig. 5 – Membrane-lytic activity of peptides and peptide-CPT conjugates against B16-F10 cells at different pH values: (A) 
Short-term cytotoxicity of peptides and conjugates after 1 h incubation. (B) LDH release of cells treated with peptides and 

conjugates for 1 h. (C) PI uptake in B16-F10 cells treated with 10 μM of peptides and conjugates for 1 h. (D) Time-lapse 
images of B16-F10 cells treated with 10 μM of peptides and conjugates at pH 5.5 during 30 min. Data represent the mean ±
SD ( n = 3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 
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howed an obvious decrease in cytotoxicity when compared 

ith AAM ( Fig. 5 A and S6D). This result demonstrates that 
ysteine substitution at the N-terminus of AAM significantly 
ecreased its cytotoxicity compared to substitution at 
he C-terminus. However, CPT conjugation decreased the 
ytotoxicity of CPT-AAM-1 and CPT-AAM-2 under acidic 
onditions ( Fig. 5 A). Despite this, CPT-AAM-1 and CPT-AAM-2 
ere still capable of killing tumor cells in a short period 

nder acidic conditions. Compared with CPT-AAM-2, CPT- 
AM-1 displayed higher cytotoxicity against B16-F10 cells.
he short-term cytotoxicity of the melittin analogs and their 
onjugates suggests that they may kill cells via membrane 
isruption. 
To evaluate the membrane-lytic activity of the melittin 

nalogs and their conjugates, an LDH leakage assay was 
e performed. Fig. 5 B showed that melittin induced a 

trong release of LDH at both pH 7.4 and 5.5 after 1 h
f drug treatment, indicating that melittin had no obvious 
H-responsive membrane-lytic activity. In contrast, all the 
istidine-containing analogs, including AAM, AAM-1, AAM- 
, CPT-AAM-1 and CPT-AAM-2, induced LDH release in 

n obvious pH-dependent manner. This result strongly 
upported the result indicated by the MTT assay, suggesting 
hat all tested analogs were capable of rapidly disrupting 
umor cell membranes under acidic conditions. Compared 

ith AAM-2, AAM and AAM-1 showed higher membrane- 



Asian Journal of Pharmaceutical Sciences 19 (2024) 100890 9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 – Hemolytic activity of peptides and peptide-CPT 

conjugates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

lytic activity. In addition, CPT conjugation decreased the
membrane-disruptive activity of CPT-AAM-1 and CPT-AAM-
2. Despite this, CPT-AAM-1 showed higher membrane-
disruptive activity than CPT-AAM-2. 

To further confirm the membrane-disruptive activity of
all analogs, PI uptake in cells was observed using CLSM. PI
can be used to study the cell membrane integrity because it
is a probe impermeable to membrane. As shown in Fig. 5 C,
the percentage of PI-positive B16-F10 cells after melittin
treatment at pH 7.4 and 5.5 showed no obvious difference.
Although the percentage of PI-positive cells after AAM
treatment was increased at pH 5.5, a certain number of PI-
positive cells at pH 7.4 was observed. This data was consistent
with the results of the MTT and LDH leakage assays, indicating
that AAM still displayed some degree of membrane-lytic
activity at pH 7.4. In addition, PI uptake by B16-F10 cells
after treating with AAM-1, AAM-2, CPT-AAM-1, and CPT-AAM-
2 at pH 5.5 was obviously increased compared to that at pH
7.4, demonstrating that their membrane-disruptive activity
was pH dependent. Notably, the membrane-disruptive activity
of CPT-AAM-2 at pH 5.5 was obviously weaker than that of
CPT-AAM-1, which was in agreement with the results of the
MTT and LDH leakage assays. In addition, time-lapse images
were acquired to observe the membrane-lytic behaviors of
melittin, AAM, AAM-1, AAM-2, CPT-AAM-1, and CPT-AAM-2.
As shown in Fig. 5 D and Videos 1–6, after treatment with
melittin, AAM, AAM-1, AAM-2 or CPT-AAM-1, B16-F10 cells
developed necrosis, including rounding, blebbing, swelling,
and bursting. Following the membrane disruption, PI rapidly
entered the cells. 

Overall, the above results showed that these histidine-
containing analogs could rapidly disrupt cell membranes
Fig. 7 – Antitumor activity of peptides and CPT-AAM-1 in a murin
curves of tumors after intratumoral administration of peptides a
administration period and frequency were indicated with arrows
0.001 versus control. (B) Images of tumors in mice treated with C
peptides and CPT-AAM-1. (D) Survival rates of tumor-bearing mic
tumors and major organs on Day 3. 
under acidic conditions. Notably, AAM-2 and CPT-AAM-
2 with structural changes at the N-terminus displayed
considerably weaker membrane-lytic activity than AAM-1 and
CPT-AAM-1 with structural changes at the C-terminus. This
demonstrates that the C-termini of the analogs are more
suitable for structural modification and drug conjugation. In
our previous studies, we confirmed that greater membrane
disturbances yield higher cellular uptake of CPPs [ 27 ,28 ].
Therefore, the above results demonstrated that AAM-1, with
stronger membrane-lytic activity, had higher cell-penetrating
activity than AAM-2 ( Fig. 1 ). In addition, many membrane-
lytic peptides have been reported to facilitate endosomal
escape of vectors by damaging the integrity of endosomal
e melanoma (B16-F10) model: (A) Tumor volume growth 

nd CPT-AAM-1 once a day for 3 d consecutivly. The drug 
. Data represent the mean ± SD ( n = 8). ∗P < 0.05, ∗∗∗P < 

PT-AAM-1. (C) Body weight changes of mice treated with 

e treated with peptides and CPT-AAM-1. (E) H&E staining of 
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Fig. 8 – (A) In vivo bioimaging behavior of B16-F10 tumor-bearing mice after intratumoral administration of Cy5.5-AAM-1. (B) 
Ex vivo bioimaging behavior of fluorescence images of the organs and tumor at 24 h after administration. (C) Quantification 

of fluorescence intensities in Fig. 8 A. (D) Quantification of fluorescence intensities in Fig. 8 B. 
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embranes [ 35 ,44 ]. Our findings also demonstrated that 
AM-1, with strong membrane-lytic activity under acidic 
onditions, displayed higher endosomal escape activity than 

AM-2 ( Fig. 2 ). 

.6. Hemolytic activity of histidine-containing melittin 

nalog-CPT conjugates 

emolysis assays are commonly used to determine AMP 
ytotoxicity against normal cells. In this study, melittin 

xhibited extreme hemolytic activity ( Fig. 6 ). Although 

istidine substitution decreased the hemolytic activity of 
AM compared to that of melittin, AAM did not lose its 
emolytic activity as expected. Interestingly, the introduction 

f cysteine significantly decreased the hemolytic activity of 
AM-1 and AAM-2. Additionally, the introduction of CPT 

urther decreased the hemolytic activities of CPT-AAM-1 and 

PT-AAM-2. Notably, introduction of cysteine or CPT at the N- 
erminus of AAM impaired its hemolytic activity compared to 
ts C-terminus introduction. Overall, relatively low hemolytic 
ctivity makes these conjugates promising agents with low 

oxicity. 
.7. In vivo antitumor activity of histidine-containing 
elittin analog-CPT conjugates 

ased on the above results, the in vivo antitumor efficacy of 
AM, AAM-1, CPT-AAM-1, melittin, and CPT was evaluated 

n a B16-F10 murine melanoma model. As shown in Fig. 7 A,
ll tested agents could obviously suppress melanoma tumor 
rowth in mice. Compared with AAM and AAM-1, the in 
ivo tumor-suppressive activity of CPT did not increase. As 
xpected, CPT-AAM-1 displayed significantly stronger in vivo 
umor-suppressive activity than CPT or AAM-1 at the same 
ose ( Fig. 7 A). The H&E-stained tumor tissue sections revealed 

hat CPT-AAM-1 treatment induced an extensive necrosis in 

omparison to the PBS treatment ( Fig. 7 E). Further, in two 
ut of eight mice that received CPT-AAM-1 treatment, scabs 
ormed at the tumor inoculation sites on Day 3 and almost 
ompletely disappeared on Day 15 ( Fig. 7 B). These two mice 
howed no tumor recurrence until Day 60. Although the in 
ivo tumor-suppressive activity of melittin was significantly 
igher than those of AAM and AAM-1, melittin induced 

igher mortality than AAM and AAM-1 ( Fig. 7 D). Compared 

ith CPT treatment, CPT-AAM-1 treatment obviously extend 
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the survival of tumor-bearing mice ( Fig. 7 D). In addition,
histopathological examination using H&E staining for major
organs (heart, liver, spleen, lungs, kidney) in the CPT-AAM-1-
treated groups showed no obvious tissue damage on Day 3
( Fig. 7 E). Taken together, the above results demonstrate
that CPT-AAM-1 exhibits potent antitumor efficacy with low
toxicity in vivo . 

To investigate the tissue biodistribution, Cy5.5-labeled
AAM-1 was administered via a single intratumoral injection.
The fluorescence images of mice were taken at predominant
time points (0, 1, 4 and 24 h). Fig. 8 A showed that the
fluorescence signals were concentrated within the tumor
sites at 0 h. Over time, the fluorescence was observed
to gradually diffuse, accompanied by a slight reduction
in fluorescence intensity ( Fig. 8 A and C). At 24 h after
injection, the tumor tissues and major organs were excised
for ex vivo fluorescence imaging. Fig. 8 B and 8 D showed
that a high fluorescence intensity was seen in livers and
kidneys, indicating the diffusion of a certain number of
Cy5.5-labeled AAM-1 molecules into the bloodstream from
the tumors. The fluorescence intensity of tumors ex vivo
exhibited a significant reduction compared to that observed
in vivo , indicating the occurrence of Cy5.5-labeled AAM-
1 leakage from tumor tissues. Nonetheless, our results
indicated that a certain number of CPT-AAM-1 remained in
the tumor tissues to exert antitumor activity after 24 h of
injection. 

4. Conclusions 

In this study, we developed novel melittin analogs with pH-
responsive cell-penetrating and membrane-lytic activities by
replacing arginines and lysines with histidines. Importantly,
we found that the conjugation of cargoes to the N-
terminus of melittin analogs decreased their cell-penetrating
and membrane-lytic activity compared to the C-terminus,
implying that the C-terminus of analogs is more suitable
for cargo conjugation. After the attachment of CPT, CPT-
AAM-1 and CPT-AAM-2 displayed obvious pH-responsive
antitumor activity. CPT-AAM-1 and CPT-AAM-2 destroyed
tumor cells through the release of CPT and membrane
disruption. Compared with CPT-AAM-2, CPT-AAM-1 showed
stronger antitumor activity under acidic conditions. Notably,
CPT-AAM-1 significantly inhibited the tumor growth in vivo
compared with AAM, AAM-1, and CPT. In addition, CPT-AAM-
1 showed relatively low toxicity compared with melittin and
CPT. Taken together, our results demonstrate that CPT-AAM-1,
with efficient pH-responsive cell-penetrating and membrane-
lytic activities, possesses significant therapeutic potential
for tumor therapy. This study provides a novel strategy for
the development of PDCs based on pH-responsive AMPs for
oncology therapeutics. 
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