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Abstract 

As a naturally occurring cytolytic peptide, melittin (MLT) not only exhibits a potent direct tumor cell-killing effect 
but also possesses various immunomodulatory functions. MLT shows minimal chances for developing resistance 
and has been recognized as a promising broad-spectrum antitumor drug because of this unique dual mechanism 
of action. However, MLT still displays obvious toxic side effects during treatment, such as nonspecific cytolytic activity, 
hemolytic toxicity, coagulation disorders, and allergic reactions, seriously hampering its broad clinical applications. 
With thorough research on antitumor mechanisms and the rapid development of nanotechnology, significant effort 
has been devoted to shielding against toxicity and achieving tumor-directed drug delivery to improve the thera-
peutic efficacy of MLT. Herein, we mainly summarize the potential antitumor mechanisms of MLT and recent pro-
gress in the targeted delivery strategies for tumor therapy, such as passive targeting, active targeting and stimulus-
responsive targeting. Additionally, we also highlight the prospects and challenges of realizing the full potential of MLT 
in the field of tumor therapy. By exploring the antitumor molecular mechanisms and delivery strategies of MLT, this 
comprehensive review may inspire new ideas for tumor multimechanism synergistic therapy.
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Introduction
The prevalence of cancer has been increasing yearly in 
recent years and has emerged as a global challenge and 
a serious threat to human health. GLOBOCAN 2020 
has shown that the number of new cancer cases reached 
19.3 million worldwide, and nearly 10 million people 
died from cancer in 2020 [1]. According to the Interna-
tional Agency for Research on Cancer estimates, this 
number of new cancer cases will increase to more than 
20 million in 2025 [2]. Although there are various appli-
cations and improvements in both drugs and treatment 
strategies, such as chemotherapy, surgical resection, 
and radiation therapy, cancer remains one of the lead-
ing causes of death worldwide due to its complexity and 
drug resistance.
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Antimicrobial peptide (AMP) is a kind of alkales-
cence peptide that comprises an endogenous part of 
the host defense system of different organisms, includ-
ing mammals, plants, insects and amphibians. Based 
on their diverse sequences and structures, they can kill 
tumor cells, bacteria, and viruses by disrupting mem-
brane integrity or inhibiting some cellular functions 
[3]. Melittin (MLT), the main active ingredient derived 
from the venom component of the European honeybee, 
is a 26 amino acid amphipathic cationic peptide with a 
hydrophobic amino-terminal region and a hydrophilic 
carboxy-terminal region. As a natural AMP, MLT can 
indiscriminately cause transient permeabilization of 
many different membranes at low concentrations. With 
the increase of the concentration, MLT readily incorpo-
rates into and disrupts cell membranes, forming pores 
for ion efflux, thus leading to disorder in the structure 
of phospholipid bilayers and the intracellular environ-
ment. Theoretically, MLT will not cause tumor cells to 
become resistant to antitumor agents. In addition to a 
direct tumor cell killing effect, MLT also possesses multi-
ple biological functions, including gene expression regu-
lation and immunomodulatory effects [4, 5]. Thus, MLT 
is a potential anticancer candidate due to its remarkable 
antitumor activity and immunomodulatory effects as well 
as its ability to overcome tumor drug resistance [6–8].

Despite the excellent cytolytic activity and antican-
cer performance of MLT, the serious nonspecific cyto-
lytic activity and hemolytic toxicity largely impede its 

clinical applications. With the rapid development of 
nanotechnology, versatile nanoplatforms and strategies 
have been designed for the targeted delivery of MLT to 
reduce toxicity and improve tumor therapeutic efficacy 
[9]. Although some studies on MLT-based cancer therapy 
have been reported, these studies have never provided a 
comprehensive review of the antitumor mechanisms of 
MLT and MLT-based nanoparticle (NP) delivery strate-
gies. Here, we review the recent progress in antitumor 
mechanisms and targeted delivery strategies of MLT and 
look forward to future research directions based on cur-
rent research advances.

Antitumor mechanisms of MLT
After decades of research and exploration, MLT not only 
has been found to directly induce tumor cell death but 
also exerts antitumor activities via indirect immunomod-
ulatory actions. In recent years, MLT has frequently been 
demonstrated to be an attractive antitumor drug candi-
date in a variety of malignant tumors via multimecha-
nism combinations (Fig. 1).

Inhibition of cell cycle progression
Cyclin-dependent kinase (CDK) plays a critical role in 
controlling various events of cell cycle regulation, includ-
ing DNA repair, gene transcription, G1-S transition, and 
modulation of G2 progression. In the same vein, it can 
alter the expression of cyclins and drive aberrant prolif-
eration in tumors [10]. More recent research has shown 

Fig. 1 Schematic diagram summarizing the possible antitumor signal transduction pathways underlying the effects of MLT
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that MLT interacts with the CDK2 protein through 6 
tight hydrogen bonds and then inhibits its activity to 
induce cell cycle arrest at G2/M. Meanwhile, MLT sup-
pressed the expression of CCND1, a member of the 
highly conserved cyclin family, thus regulating the activ-
ity of CDK4 and CDK6 to promote the transition from 
G1 to S phase within the cell cycle [11, 12]. It is worth 
noting that the ability of MLT to induce cell cycle arrest 
depends on its concentration. MLT caused a slight cell 
cycle arrest at the G2/M phase at 0.7 µM (IC50), and the 
cell cycle arrest was stronger and earlier at the G0/G1 
phase at 2.5 µM (IC70) [13].

Apoptosis and necrosis
MLT dose-dependently induces apoptosis or necrosis 
of tumor cells. At low concentrations, MLT exhibited a 
strong binding affinity toward the active domain of the 
antiapoptotic marker Bcl-xL proteins and downregulated 
the expression level of Bcl2 in vitro [14, 15]. At the same 
time, the expression of proapoptotic markers, such as 
p53, Bcl-2-associated X protein (Bax), cysteinyl aspartate 
specific proteinase (caspase) 3, caspase 7 and the tumor 
suppressor phosphatase and tensin homolog (PTEN), 
were significantly upregulated. MLT was proven to reg-
ulate multiple cellular and molecular pathways associ-
ated with apoptosis, such as the JAK/STAT and PI3K/
Akt pathways, to develop an antitumorigenic effect [16]. 
It was also found to induce chronic myeloid leukaemia 
cell death via modulation of the NF-κB/MAPK14 axis, 
inhibition of c-MYC and CDK4, and upregulation of JUN 
genes [17]. MLT not only activates caspases, the main 
component of the molecular mechanism of apoptosis, 
but is also involved in intrinsic/mitochondrial-dependent 
pathways [18]. Mitochondrial dysfunction has been sug-
gested to be a contributory factor and even central to the 
induction of the apoptotic pathway, which leads to mito-
chondrial outer membrane permeabilization (MOMP). 
Research has suggested that the proapoptotic effects of 
MLT on 4T1 breast cancer cells are associated with the 
upregulation of mitofusin 1 (Mfn1) and dynamin-related 
protein 1 (Drp1) [19]. In fact, Mfn1 has been shown to 
facilitate apoptosis by activating the pro-apoptotic Bcl-2 
family protein Bak [20]. Drp1 is involved in both mito-
chondrial fission and cristae remodeling and plays a dual 
role during apoptosis [21]. Recently, Ceremuga et al. sug-
gested that MLT induced a potent loss in the mitochon-
drial membrane potential (ΔΨm) generated by proton 
pumps and  Ca2+ release from the endoplasmic reticu-
lum [22]. Although the antitumor effect of MLT can be 
attributed in part to the nonspecific killing of proliferat-
ing cells, some studies have suggested that MLT specifi-
cally targets cancer cells to induce cell death. Yan et  al. 
found that MLT blocked the maturation of miR-146a-5p 

by selectively targeting methyltransferase-like protein 
3 (METTL3) and subsequently stimulated the NUMB/
NOTCH2 pathway to induce bladder cancer cell apop-
tosis [23]. Further investigation revealed that METTL3/
miR-146a-5p/NUMB/NOTCH2 signaling was positively 
correlated with recurrence, metastasis, and survival in 
bladder cancer patients, indicating that MLT sheds new 
light on therapeutic targets for recurrent bladder cancer 
treatment.

In addition to the pro-apoptotic effects, MLT induced 
tumor necrosis at high concentrations. For example, 
2.5  µM MLT (IC70) increased the proportion of late 
apoptotic and necrotic cells [13]. Significantly, a higher 
concentration of MLT could induce the loss of plasma 
membrane integrity and the consequent leakage of cel-
lular contents. Previous research has shown that high 
concentrations of MLT (20 μg/mL) induce cell membrane 
damage in gastric and colorectal cancer cells within 
1  min. Then, significant diffusion spanned across the 
entire bilayer over time, further causing cell membrane 
disruption and intracellular material expulsion from the 
cells, followed by complete cell necrosis occurring over 
a period of 15 min [24]. Furthermore, cell damage could 
also lead to the release of tumor necrosis factor (TNF)-α, 
interleukin (IL)-1β, IL-2, and interferon-γ (IFN-γ) [25–
27]. Rocha et al. reported that necrosis and inflammatory 
infiltration were observed in bone metastasis from colo-
rectal cancer after intrametastatic injection of a single 
dose of 1.5 mg/kg MLT. Ultimately, it inhibited approxi-
mately 50% of the growth of bone metastasis in colorectal 
cancer, providing insight into the ability of MLT to induce 
necrosis and its effect on tumor growth control [28].

Inhibition of malignant biological behavior
Tumor cells present complex behaviors in their interac-
tions with other cells, including proliferation, migra-
tion, invasion, angiogenesis, and uncertain malignant 
potential. The evaluation and interference of malignant 
biological behaviors could provide insights into tumor 
heterogeneity and the tumor microenvironment (TME) 
while providing clinically relevant metrics for tumor 
classification and relevant treatments [29]. MLT has 
been shown to provide a potential antiangiogenic effect 
to suppress vascular endothelial growth factor (VEGF)-
induced tumor growth by blocking vascular endothelial 
growth factor receptor-2 (VEGFR-2) and the cyclooxy-
genase-2 (COX-2)-mediated mitogen-activated protein 
kinase (MAPK) signaling pathways [30]. It also decreased 
hypoxia-inducible factor 1α (HIF-1α) protein synthesis 
by inhibiting the ERK/mTOR/p70S6K pathways. Moreo-
ver, MLT showed an antiangiogenic effect by decreasing 
VEGF expression [31]. It is known that the overexpres-
sion of TNF-α can upregulate the expression of matrix 
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metalloproteinases (MMPs) 2 and 9 via FAK/ERK sign-
aling activation, which is important for angiogenesis, 
invasion, and metastasis. Bakary et  al. found that MLT 
downregulated the levels of NO and VEGF and reduced 
MMP2 and MMP9 activities to suppress tumor cell pro-
liferation, angiogenesis, and invasion [32]. Ras-related C3 
botulinum toxin substrate 1 (Rac1), a well-studied Rho 
GTPase of the Rho family, is involved in the activation of 
c-Jun N-terminal kinase (JNK) and JNK-dependent cell 
motility. Meanwhile, Rac1 also mediates numerous basic 
cellular processes, such as actin cytoskeleton regulation, 
mesenchymal-like migration, and cellular mechanosens-
ing [33]. Previous research has shown that MLT can 
prevent liver cancer cell metastasis by inhibiting Rac1-
induced cell migration [34]. It has also been revealed that 
MLT can inhibit the migration and invasion of epider-
mal growth factor (EGF)-induced MDA-MB-231 tumor 
cells by blocking the SDF-1α/CXCR4 and Rac1-mediated 
signaling pathways [35].

Pyroptosis
As a new form of programmed cell death mechanism, 
pyroptosis is characterized by rapid disruption of cell 
swelling and plasma membrane, followed by the release 
of intracellular contents and proinflammatory cytokines, 
such as IL-1β and IL-18 [36]. Recent research has sug-
gested that pyroptosis-induced inflammation triggers 
a cytokine cascade yielding the release of danger-asso-
ciated molecular patterns (DAMPs) to recruit immune 
cells to fight a tumor [37, 38]. NOD-like receptor thermal 
protein domain associated protein 3 (NLRP3) inflamma-
some activation results in the production of active IL-1β 
and IL-18, as well as the occurrence of pyroptosis [39]. A 
previous study showed that MLT can decrease the intra-
cellular  K+ concentration in macrophages, induce NLRP3 
inflammasome formation, and increase caspase 1 activ-
ity [40]. It is well known that the NLRP3 inflammasome 
requires the adaptor protein apoptosis-associated speck-
like protein containing a CARD (ASC) to activate caspase 
1. However, MLT resulted in a failure to form large ASC 
oligomeric signaling complexes, thus preventing the fur-
ther execution of pyroptosis by caspase 1. Moreover, the 
excessive rate of cell death caused by rapid cellular lysis 
led to reduced NLRP3 inflammasome activation. There-
fore, they indicated that rapid cell lysis driven by MLT 
excluded caspase 1-dependent pyroptotic cell death [40]. 
Nevertheless, Zhao et al. recently described that MLT in 
combination with apatinib increased cleaved caspase 1 
and the N-terminal fragment of gasdermin D (GSDMD-
N) to induce synergistic antitumor efficacy in a xenograft 
tumor model [41]. Furthermore, it was found that MLT 
could cause the release of mitochondrial DNA into the 
cytoplasm and activate another Nod-like receptor absent 

in melanoma 2 (AIM2), thereby promoting the recruit-
ment of pro–caspase 1. Ultimately, pyroptosis was trig-
gered through a two-way positive feedback interaction 
between the caspase 1-GSDMD and caspase 3-GSDME 
axes. However, this process is unrelated to the generation 
of reactive oxygen species (ROS) or NLRP3 activation. 
These data not only provide insight into understand-
ing the antitumor mechanism of MLT but also offer a 
new direction for the antitumor effects mediated by 
pyroptosis.

Immunogenic cell death (ICD)
Cancer immunotherapy faces some serious challenges 
because of limited lymphocytic infiltration and immu-
nosuppression. Tumor cells undergoing ICD provoke 
immunostimulatory effects owing to the exposure or 
release of DAMPs, such as heat shock proteins (HSPs), 
calreticulin (CRT), the high-mobility group box  1 
(HMGB1) protein, and adenosine triphosphate (ATP). 
Immune responses require direct recognition of these 
DAMPs through pattern recognition receptors (PRRs) 
on dendritic cells (DCs), which facilitates the matura-
tion of DCs and increases T cell priming. ICD is there-
fore generally considered one of the necessary conditions 
for MLT-based cancer immunotherapy (Fig. 2). Lv et al. 
constructed D-MLT micelles (DMMs) by substituting 
l-amino acids with d-amino acids without compromising 
the bioactivity of the peptide. The polymer encapsulation 
of D-melittin permitted higher peptide dosing (5 mg pep-
tide/kg) and exhibited significant antitumor effects and 
extended survival [42]. In addition, DMM was verified 
to promote CRT surface expression, ATP secretion, and 
HMGB1 extracellular release. Innate immune responses 
to tumor cells are induced by exposing CRT on the cell 
surface, leading to antigen presentation and productive 
adaptive antitumor responses [43]. At the later stage of 
ICD, HMGB1 released from necrotic cells facilitates 
Toll-like receptor 4 (TLR4)-mediated antigen process-
ing in antigen presenting cells (APCs), thereby trigger-
ing antigen-specific antitumor T cell responses [44, 45]. 
It is well known that photodynamic therapy (PDT) is 
usually insufficient to trigger effective ICD to promote 
strong host adaptive immune activation. MLT can regu-
late cell membrane permeability and promote the release 
of intracellular contents, including tumor antigens and 
DAMPs. Thus, MLT might effectively contribute to the 
ICD triggered by PDT to achieve a stronger antitumor 
immune response to inhibit primary tumor growth and 
tumor metastasis. Liu et al. developed a multifunctional 
platform, Ce6/MLT@SAB, to facilitate the penetration 
of NPs and accumulation in target cells by MLT-induced 
transmembrane pores [46]. Furthermore, they could gen-
erate an effective ICD response and activate dendritic 
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cells following 660  nm light phototreatment to increase 
antigen presentation and provoke systemic antitumor 
immunity. A single injection of Ce6/MLT@SAB com-
bined with phototreatment eradicated one-third of sub-
cutaneous tumors in treated mice.

Ferroptosis
Ferroptosis is a newly identified form of programmed 
cell death that is caused by glutathione (GSH) deple-
tion and iron-dependent lipid peroxidation [47]. Exten-
sive preclinical evidence suggests that the induction of 
tumor cell ferroptosis might be an effective therapeutic 
strategy [48]. TMEM16/ANO proteins were identified 
as a family of proteins that can operate  Ca2+-activated 
 Cl− channels and phospholipid scramblases. As a potent 
activator of PLA2, MLT can activate  Cl− currents both 
by TMEM16A/ANO1 and TMEM16F/ANO6 [49]. The 
reaction of hydrogen peroxide  (H2O2) with  Cl− can pro-
duce hypochlorous acid (HOCl), which plays a pivotal 

role in ferroptosis processes [50]. It was found that acti-
vation of TMEM16 by lipid peroxidation may be closely 
related to inflammation, proliferation, hypoxia/reper-
fusion, ion secretion and ferroptosis. It has also been 
shown that ANO1 and ANO6 can be activated during 
ferroptotic cell death [51, 52]. Therefore, ferroptosis has 
a potential role in cell death induced by MLT. Recent 
studies also confirmed that MLT induced ROS bursts 
and disrupted the GSH-glutathione peroxidase 4 (GPX4) 
antioxidant system to increase lipid peroxide accumu-
lation. MLT also upregulated intracellular  Fe2+ levels 
and activated the ER stress-C/EBP homologous protein 
(CHOP) apoptotic signal, indicating that ferroptosis was 
involved in the A549 cell death induced by MLT [53].

Immunomodulatory functions
As a cationic host defense peptide, MLT exerts a variety 
of profound immunomodulatory effects to inhibit the 
initiation and development of tumors. Tumor-associated 

Fig. 2 Schematic diagram of immunogenic cell death (ICD) induced by MLT
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macrophages (TAMs), which are the most abundant 
immune-related cells in the TME, are considered to have 
an M2-like phenotype and participate in tumor develop-
ment by mediating angiogenesis, metastasis, and immune 
escape [54]. It was found that MLT slightly decreased 
IL-10 production and inhibited M2 macrophage dif-
ferentiation [12]. Although some studies have deemed 
it possible that M2 macrophages are reprogrammed 
to the M1 type, the specific mechanism remains to be 
further elucidated. In addition, Han et  al. reported that 
MLT-d(KLAKLAK)2 (MLT-KLA) can bind preferentially 
to M2-like macrophages to induce more apoptosis of 
M2-like TAMs and inhibit the proliferation and migra-
tion of M2 macrophages, resulting in a decrease in mel-
anoma tumor growth [55]. In addition to macrophages, 
professional and nonprofessional antigen-presenting cells 
are also involved in the immune activation effects of MLT. 
Previously, we developed an ultrasmall (10–20 nm) MLT-
lipid nanoparticle (named α-melittin-NP) that can selec-
tively activate liver sinusoidal endothelial cells (LSECs) 
and reverse the immunosuppressive microenvironment 
in the liver in a concentration-dependent manner. After 
α-melittin-NP treatment, the liver immune microenvi-
ronment had significant changes in multiple cytokines 
and chemokines, such as IL-18, IL-1α, chemokine (C-X-C 
motif ) ligand 9 (CXCL9), CXCL10, chemokine (C–C 
motif ) ligand 3 (CCL3), CCL4, CCL5, and CXCL13, 
thereby generating protective T-cell immunity through 
coordination with NK cells to inhibit liver metastasis 
[56]. Furthermore, we demonstrated that α-melittin-NPs 
also induced the maturation of macrophages and DCs in 
lymph nodes (LNs) and caused dramatic changes in the 
cytokine/chemokine milieu in the tumor, thus success-
fully eliciting systemic humoral and cellular immune 
responses [57].

Toxic side effects of MLT
Although MLT can inhibit tumor progression and metas-
tasis through various mechanisms, the narrow range of 
safe doses of MLT hinders its applications in vivo. MLT 
often causes detrimental side effects at therapeutically 
effective concentrations, including nonspecific cell lysis, 
hemolysis, coagulation disorders, allergic reactions and 
so on (Fig.  3). In addition, low concentrations of MLT 
are genotoxic because of its DNA damaging effects [58]. 
This section summarizes the safety issues of MLT and the 
potential mechanism underlying its toxic side effects.

Nonspecific cell lysis
MLT acts mainly by its natural detergent-like effect 
on the plasma membrane to lower the surface tension 
of water at the level of the plasma membrane [59]. The 
increased membrane permeability occurs simultaneously, 

causing rapid cell lysis with the initiation of cell death. 
More specifically, MLT can transiently adsorb to the 
surface of negatively charged biological membranes and 
insert into the hydrophobic core of the phospholipid 
bilayer due to positive charge entrainment [60]. Then, 
transmembrane pores will be produced through “toroi-
dal pores”, “barrel-stave” or “carpet” mechanisms and 
collapse the phospholipid bilayer to promote cell lysis as 
well as transient cell membrane permeabilization [61–
63]. Therefore, as a nonselective cytolytic peptide, MLT 
can disrupt almost all prokaryotic and eukaryotic cells by 
altering cellular membranes physically and chemically. 
Maher et al. showed that MLT exhibited significant tox-
icity in two distinct intestinal epithelial cell lines (HT29 
and Caco-2) in a concentration- and time-dependent 
manners [64]. Phase contrast microscopy showed that 
signs of human umbilical vein endothelial cell (HUVEC) 
morphological changes were already detected after 5 min 
of exposure to 10 μg/mL MLT. These changes gradually 
increased and were mainly characterized by an increasing 
quantity of extracellular vesicles attached to the cell sur-
face, granulated cell morphology, and shrinkage of cells 
[65]. Significantly, MLT also asserts toxicity in  vivo. In 
early-stage research, MLT (4  μg/g) caused delta lesions, 
hypercontraction of myofibrils, and even necrosis of skel-
etal muscle cells within 30  min after i.m. injection [66]. 
High doses of MLT (≥ 30  μg/dose) provoked inflamma-
tion and local pain and even caused death with hypother-
mia, ataxia, hepatotoxic effects, and loss of weight [67]. 
The nonselective cytolytic activity and damage induced 
by MLT over a range of concentrations suggest that it 
is not suitable for the treatment of either topical or sys-
temic administration in the clinic.”

Hemolysis
MLT needs to be used via parenteral routes, includ-
ing intravenous injection, intraperitoneal injection, and 
subcutaneous implantation because of the limitations of 
peptide-based medicines, such as low oral bioavailability 
and short plasma half-life. Nevertheless, as a small poly-
peptide with a molecular weight of only 2846 Da, MLT 
preferentially entered the blood circulation and was fil-
tered through the glomerulus and rapidly metabolized 
after  subcutaneous  injection. Therefore, to adopt MLT 
as a biopharmaceutical for solid tumor targeting, its 
behavior in the bloodstream is of great importance [68]. 
Accumulating data suggest that MLT has strong hemo-
lytic activities in RBCs. A previous study found that MLT 
caused 100% hemolysis at a concentration of 8 μg/mL, as 
measured by the increased absorbance of RBC-released 
hemoglobin [69]. Since RBC membranes are mostly neu-
tral, highly charged peptides are not anticipated to induce 
severe hemolytic activity. For example, the antimicrobial 



Page 7 of 22Yu et al. Journal of Nanobiotechnology          (2023) 21:454  

peptide cupiennin with a high charge (+ 8) did not exhibit 
significant hemolytic activity, similar to MLT [4]. In fact, 
amino acids, such as Trp, Lys, and Arg, play an important 
role in the hemolytic activity of MLT [70]. It has been 
reported that the Trp residue of MLT is involved in the 
binding of peptides to cholesterol present in biological 
membranes through the indole moiety [71]. In addition, 
prior research indicated that the heptadic leucine of MLT 
had a direct impact on the helical assembly in an aqueous 
environment, the secondary structure, and membrane 
permeability, thus causing potent hemolysis activity [72].

Coagulation disorders
It is commonly known that the mechanism of coagula-
tion involves a series of reactions, such as activation, 
adhesion, and aggregation of platelets, along with deposi-
tion and maturation of fibrin [73]. As the principal active 
component of bee venom (BV) and a powerful stimula-
tor of PLA2, MLT has been proven to increase the blood 
clotting time in vitro [74]. Previous research has shown 

that MLT can induce the release of bradykinin (BK) in 
association with angiotensin-converting enzyme (ACE) 
dysfunction, thus leading to the inhibition of platelet 
aggregation, coagulation disorders and fibrinolysis [75]. 
In addition, MLT interferes with complement cleavage. 
Both mechanisms are directly or indirectly associated 
with coagulation and thrombolysis [76]. Serine proteases 
play a major role in coagulopathies and act by driving 
thrombotic and thrombolytic cascades [77]. When inac-
tive serine protease enzymes and their glycoproteins are 
activated, the next reaction in the cascade can be cata-
lyzed, leading to coagulation in the blood [78]. However, 
MLT can inhibit the activity of serine proteases and effec-
tively perturb the blood-clotting cascade to delay clotting 
[79]. In this case, the clotting system is often unable to 
achieve the desired hemostatic effect [80]. Due to the 
fibrinogen decrease and a moderate delay in prothrom-
bin and partial thromboplastin times, MLT can result in 
skin petechiae, wound bleeding and episodic hemorrhage 
(especially metrorrhagia) [75, 81].”

Fig. 3 Direct exposure to MLT in vivo could lead to toxic side effects such as A nonspecific cell lysis, B hemolysis, C coagulation disorders, and D 
allergic reactions
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Allergic reactions
BVs, a well-known trigger of the allergic response, can 
induce a range of reactions from mild and local symp-
toms such as pain, swelling, redness and itching to imme-
diate life-threatening anaphylaxis manifested as shock, 
laryngospasm, and respiratory failure [82]. BVs often 
induce an IgE response in approximately one-third of 
honeybee venom-sensitive patients [83]. Among all of 
the components of the BV complex mixture, MLT shows 
weaker allergens compared to other potent allergens in 
BV, such as PLA2, followed by hyaluronidase and icarapin 
[84]. However, available studies suggest that currently 
available MLT potentially contains residues of strong 
allergens such as hyaluronidase, PLA2 and acid phos-
phatase [83]. MLT has been reported as a major allergen 
in 69 patients with allergies to A. mellifera venom, whose 
prevalence of sensitization to MLT was 53.6% [85]. Fur-
thermore, MLT can produce persistent pain hypersen-
sitivity when injected subcutaneously in the periphery 
[86]. Previous studies have indicated that the activation 
of peripheral P2X and P2Y receptors, transient receptor 
potential (TRP) vanilloid receptor 1 (TRPV1) and canon-
ical TRP channels might be involved in the pathophysi-
ological processing of MLT-induced hypersensitivity [87, 
88]. However, the molecular mechanisms by which the 
innate immune system initiates allergic responses remain 
largely undiscovered [89].

Targeted delivery strategies of MLT for tumor 
therapy
To further improve the antitumor effect of MLT-based 
drugs, various strategies have been developed to mini-
mize undesirable side effects and improve the tumor-
killing effect. Some studies have attempted to alter the 
sequence or fine-tune the conformation of MLT to 
address the above issues with the goal of decreasing non-
specific hemolysis [69, 90]. However, the effects were 
not significant or even inevitably led to a decrease in the 
membrane lytic activity of MLT on tumor cells. To fur-
ther improve the tumor cell-specific cytotoxicity of MLT, 
smart nanocarrier-based drug delivery strategies have 
been developed to achieve passive targeting or active 
targeting for the treatment of relapsed and refractory 
malignancies. In recent years, various classes of NPs have 
attracted considerable attention in the field of biomedical 
research due to their advantages, including appropriate 
pore size, ultrahigh specific surface area, ease of surface 
modification, and excellent biocompatibility. Addition-
ally, based on the differences in receptors on the surface 
of tumor cells and normal cells or specifically respond-
ing to endogenous or exogenous stimuli at the targeted 
site, researchers are making elaborate efforts to develop 
functionalization strategies, such as active targeting, 

stimuli-responsive strategies and bionic modifications. 
It not only greatly improved delivery efficiency but also 
optimized the safety and bioavailability of MLT in  vivo. 
This section reviews the different delivery strategies of 
MLT to improve its antitumor effect and biocompatibility 
(Fig. 4).

Passive targeting
EPR effect
Due to poor lymphatic drainage and the unique intraor-
gan pressures of tumors, nanoscale carriers can preferen-
tially extravasate into the tumor site through leaky vessels 
[91]. As a main mechanism for passive tumor targeting, 
the enhanced permeability and retention (EPR) effect is 
a molecular weight-dependent phenomenon due to an 
increase in vascular permeability [92]. Various biomi-
metic NPs have been extensively designed as drug deliv-
ery systems that can be used to direct drug encapsulation 
or drug conjugation. These biomimetic NPs provide good 
biocompatibility to prevent them from being cleared 
from the body via the reticuloendothelial system (RES) 
[93]. In addition, owing to the leaky tumor vasculature 
and damaged lymphatic drainage, antitumor agents can 
also be more selectively accumulated at tumor sites via 
the EPR effect in vivo [94–96]. Xu et al. designed a library 
containing 82 self-assembled nanoparticles (SNPs) based 
on β-cyclodextrin polymers and adamantane derivatives 
and screened eight different types of SNPs with differ-
ent charges and hydrophobic properties to suppress the 
toxicity of MLT to normal cells [97]. Compared with 
small-sized spherical particles, nonspherical particles 
constructed with minimal curvatures and high aspect 
ratios exhibit tumbling and rolling dynamics under flow 
in blood circulation to evade phagocytosis [98]. There-
fore, they can marginate toward vessel endothelial walls 
in circulation and infiltrate into tumor tissues through 
fenestrated vasculatures [99]. Moreover, the increase 
in the curvature of membranes favors the insertion effi-
ciency and functionality of MLT for the same copoly-
mer [100]. However, they are not suitable for systemic 
administration because the surface load of MLT cannot 
completely shield hemolysis. To address this deficiency, 
some researchers have constructed nanosized lipodisks 
with flat circular phospholipid bilayers to achieve code-
livery of paclitaxel and MLT, which were functionalized 
with glycopeptide 9G-A7R. MLT was fully protected 
from proteolysis, and hemolysis was effectively reduced. 
Finally, it effectively enhanced the antiglioma effect and 
significantly prolonged the survival time of glioma-bear-
ing mice [101]. In addition, the bottlebrush polymer can 
provide extraordinary steric shielding to the embedded 
MLT through the high-density arrangement of the poly-
ethylene glycol (PEG) side chains, allowing the conjugate 
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to reduce nonspecific interactions with various proteins 
and cells in circulation. Due to the enhanced passive tar-
geting of tumor xenografts via the EPR effect, it not only 
significantly prolonged the blood circulation times but 
also exhibited a more favorable biodistribution profile. 
Thus, the novel form of PEGylated MLT exerted signifi-
cant tumor-suppressive activity without hemolytic activ-
ity or liver damage [68] (Fig. 5).

Size‑dependent targeting
Size is one of the important physicochemical proper-
ties of nanocarriers and significantly affects blood cir-
culation and biological distribution. Nanocarriers with 
diameters less than 6 nm are easily cleared by the liver. 
In contrast, small drugs less than 100  nm can freely 
pass through the vascular wall of normal and tumor tis-
sues, thus lacking system selectivity and causing poor 
selectivity and toxic side effects. Diameters greater than 

200  nm are captured and cleared by the liver prior to 
entering systemic circulation [101]. NP sizes rang-
ing from 100 to 200 nm preferentially leak into tumor 
tissues through the permeable tumor vasculature, 
and then they might be retained in the tumor due to 
reduced lymphatic drainage [93, 102]. LNs are impor-
tant secondary lymphoid organs that are strategically 
distributed throughout the body and form the body’s 
systemic immune surveillance for the immune response 
[103]. Meanwhile, lymph metastasis is a vital pathway 
of cancer cell dissemination, indicating that LNs are a 
potential target for cancer immunotherapy [55]. Nev-
ertheless, current therapeutics for lymph metastasis 
are largely limited by the weak targeting and penetra-
tion capacity of drugs within metastatic LNs [104]. It 
has been found that the transport of drugs from sub-
cutaneous tissue to LNs highly depends on particle 
size. After interstitial administration, small molecules 

Fig. 4 Schematic diagram of targeted delivery strategies of MLT for tumor treatment
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or moderately sized macromolecules (< 16–20  kDa or 
10  nm) are absorbed primarily via the blood capillar-
ies. Due to reduced diffusion and convection through 
the interstitium, particles > 100  nm in size are also 
poorly transported into LNs, whereas macromolecules 
(20–30 kDa or 10–100 nm) mainly enter lymphatic ves-
sels [105]. Therefore, NPs with small sizes, especially 
when the diameter is less than 30  nm, might offer a 
new avenue for targeting and even treating LN metas-
tasis [106]. Previously, we loaded MLT onto a high-
density lipoprotein-mimicking peptide-phospholipid 
scaffold to form an MLT-lipid NP with a particle size 
of approximately 20 nm. α-MLT tightly interacted with 
phospholipids to deeply and efficiently bury the cati-
onic amino acids of MLT, thus remarkably reducing the 
hemolytic activity [107]. Consequently, α-melittin-NPs, 
as an optimal LN-targeted nanovaccine, could effi-
ciently drain into lymphatic capillaries and LNs to acti-
vate APCs in LNs. Subsequently, the systemic humoral 
and cellular immune responses elicited by α-melittin-
NPs resulted in the elimination of primary tumors and 
distant tumors in a bilateral flank B16F10 tumor model 
[57] (Fig. 6).

Endocytosis
Endocytosis is a complex but essential process whereby 
cell surface substances from the extracellular envi-
ronment are packaged, sorted and internalized into 
cells, such as proteins, lipids and fluid. It has also been 
regarded as a critical cellular transport mechanism for 
the internalization of different NPs into cancer cells 
[108]. Several possible routes were found to participate 
in the uptake of the exogeneous NPs, including caveolin-
mediated endocytosis and clathrin-caveolin-independent 
endocytosis [109]. Recently, Daniluk et al. reported that 
MLT in complex with graphene could be taken up by 
cells via caveolin-dependent endocytosis to induce oxi-
dative stress inside MDA-MD-231 cells [110]. When oxi-
dative stress persists or exceeds a certain level, it causes 
oxidative damage to DNA and lipids, thereby potentially 
initiating cell death by apoptosis and inhibiting malignant 
progression. Therefore, passive targeting is also expected 
to be achieved by the endocytic process of the NPs.

Fig. 5 A Structural schematic diagram and biological properties of  pacMELClv and YPEG-MEL. B Chemical structures and schematic illustrations 
of PEGylated MEL. C Plasma pharmacokinetics of MLT-containing samples and free bottlebrush polymer in C57BL/6 mice. D Near-IR imaging 
of BALB/c mice bearing NCI-H358 xenografts 24 h after i.v. injection with Cy5.5-labeled free MLT,  pacMELClv, and bottlebrush polymer (Tumors 
are highlighted with orange circles). Ex vivo imaging of tumors and other major organs. E Biodistribution profile determined from image analysis. 
Reproduced with permission from [68]. Copyright 2021, American Chemical Society
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Active targeting
Fusion peptide
Fusion peptides are one of the more commonly used 
derivation methods to achieve and optimize tumor-spe-
cific targeting ability by conjugating targeting ligands 
with MLT. Previously, Shin et  al. engineered gelonin-
MLT fusion proteins through chemical conjugation and 
genetic recombination methods [111]. It could bind and 
be internalized by tumor cells by utilizing the pore struc-
tures generated by MLT, eventually leading to greater 
cytotoxic effects and significant tumoricidal effects. 
However, it should be noted that the universal activity of 
MLT could also provoke severe side effects after systemic 
administration. Therefore, it is still necessary to explore 
a new method or drug delivery system to offer safe and 
effective administration. One study reported that a fusion 
protein containing VEGF165 and MLT (VEGF165-
MLT) can inhibit tumor growth because it selectively 
targets tumor cells that overexpress VEGFR-2 [112]. In 
addition, Sun et  al. used the urokinase-type plasmino-
gen activator (uPA) cleavage site as a peptide linker to 

conjugate disintegrin and MLT (disintegrin-linker-MLT, 
DLM) [113]. The fusion peptide DLM selectively targeted 
uPAR on tumor cell surfaces with high efficiency and 
accuracy. Subsequently, MLT and disintegrin domains 
were released when the DLM reached the target cell and 
were cleaved by uPA. Therefore, DLM exhibited strong 
cytotoxicity against uPAR-expressing A549 lung cancer 
cells while confining the hemolytic activity of MLT and 
increasing the safety of delivery.

In addition, several studies have shown that MLT itself 
possesses the targeting ability to tumor cells and immune 
cells [114, 115]. Ciara et  al. reported that MLT could 
induce potent and highly selective cell death in HER2-
enriched and triple-negative breast cancer with negligible 
effects in normal cells by interfering with the phospho-
rylation of EGFR and HER2 receptors. Fusion engineer-
ing of an RGD motif further enhanced targeting of MLT 
to breast cancer cells and significantly increased the 
therapeutic window [115]. A previous study revealed that 
MLT only reduces M2-like TAMs in tumor tissue with-
out affecting splenic macrophages. Therefore, MLT might 

Fig. 6 A Schematic description of the mechanism of the in situ vaccine effect induced by α-melittin-NPs. B Fluorescence images of excised LNs 
from C57BL/6 mice subcutaneously injected with 20 nmol FITC-melittin, FITC-α-peptide-NPs, and FITC-α-melittin-NPs (quantification was based 
on the FITC content). C Scheme of the bilateral flank tumor model established with B16F10 cells and the treatment scheme of different drugs. D 
Tumor growth of the injected tumor and distant tumor. Reproduced with permission from [57]
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be a promising therapeutic agent for targeting M2-like 
TAMs [116]. On this basis, Lee et al. designed the novel 
fusion peptide MEL-dKLA containing the pro-apoptotic 
peptide dKLA, which could specifically induce apoptosis 
of CD206+M2-like TAMs in the murine tumor stroma 
without affecting M1-like macrophages and other leu-
kocytes [117]. It was proven that MEL-dKLA effectively 
inhibited tumor progression and angiogenesis within a 
noncytotoxic dose of MLT. Moreover, MLT blocked the 
MMP pathway and inhibited caspase activity by inter-
vening in the interaction between CD147 and its ligand 
cyclophilin A (CypA). The latest research reported that 
the C-terminal portion of MLT was fused to a TAT cell-
penetrating peptide by the GGGS linker to construct the 
TM peptide, which could be bound to CD147 with suf-
ficient binding energy to block the cyclophilin A/CD147 
interaction [118] (Fig. 7). Therefore, the TM fusion pep-
tide is regarded as a therapeutic candidate to halt tumor 

progression and coronavirus disease 2019 (COVID-19) 
infection.

Aptamer–based conjugation
Aptamers are oligonucleotides that can effectively rec-
ognize and bind to a wide range of targets ranging from 
small molecules to whole cells without toxicity and 
immunogenicity. A previous study reported a targeted 
drug delivery system through the covalent conjugation of 
MLT to the AS1411 aptamer, which can selectively bind 
to the extracellular matrix protein nucleolin. It could be 
specifically internalized and delivered to several nucle-
olin-expressing tumor cells while reducing the hemo-
lytic activity and cytotoxic effects of MLT on normal 
cells [119]. Furthermore, calcium carbonate NPs modi-
fied with mucin 1 (MUC1) dimer aptamers could also 
deliver epirubicin and MLT to cancer cells overexpress-
ing MUC1 glycoproteins. The complexes exhibited strong 

Fig. 7 A The hybrid peptide indicated specific binding in a defined location (proline 211) by fusing MLT and TAT sequences by a GGGS linker. 
The blue, yellow and red colors are related to the CD147 protein, peptide and binding site (proline 211), respectively. B TM was as follows 
(SLPALISWIKRKRQQGGGSRKKRRQRRR), and the specific binding was confirmed by cluspro docking. The blue, yellow and red colors are related 
to the CD147 protein, TM peptide and binding site in proline 211, respectively. C Coarse-grained simulation of the TM peptide interaction 
with the DOPC/DOPS model membrane after 1500 ns (yellow = water, red = protein, blue, pink, light gray = lipid). Reproduced with permission 
from [118]. Copyright 2023, Elsevier
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synergistic cytotoxicity as well as a better effect on con-
trolling tumor growth than monotherapy [120]. Our own 
unpublished experiments also showed that MLT could 
bind to the negatively charged aptamer of Lc09, which 
specifically targets K7M2 murine osteosarcoma cells. 
Electrostatic interactions contribute to reduced hemo-
lytic activity, while MLT displayed a more pronounced 
antitumor effect due to the targeted killing of K7M2 cells.

Specific receptor–ligand binding
Tumor cells over express various receptors on the cell 
membrane, providing an appealing therapeutic tar-
get. Different targeted molecules act as “missiles” to 
deliver drugs with antitumor activity and achieve selec-
tive targeting through the high affinity between ligands 
and receptors. For example, hyaluronic acid (HA) not 
only increases the accumulation of NPs in the CD44-
expressed tumor region but also results in the release of 
therapeutic agents in the TME by hyaluronidase-medi-
ated degradation of HA [121]. Therefore, the insertion 
of HA moieties as an effective targeting element within 
NP formulations is a promising strategy for tumor treat-
ment [122, 123]. Jia et  al. found that chlorin e6 (Ce6) 
could form a stable nanocomplex with MLT and effec-
tively shield the hemolytic activity of MLT [124]. Mean-
while, HA was coated on the surface of the nanocomplex 
for tumor targeting and reduced the cytotoxicity of MLT 
toward normal cells. Then, Ce6 could generate oxidative 
1O2 upon laser irradiation to enhance tumor penetra-
tion and improve anticancer efficiency. In addition, folic 
acid (FA) receptors are well known as tumor-associated 
proteins and are expressed to a great extent on numer-
ous solid tumors, indicating that FA is a desirable choice 
for active targeting. Motiei et al. developed an innovative 
FA-decorated multilayer polyelectrolyte nanocarrier con-
taining LTX-315, MLT and miR-34a to selectively inhibit 
triple-negative breast cancer [125]. It was synthesized 
via layer-by-layer self-assembly of polycationic and poly-
anionic chains to achieve specific codelivery of MLT with 
miR-34a and increased smart death induction of MDA-
MB-231 cells by 54% after 48 h. Arginine-glycine-aspartic 
acid (RGD) is a peptide that specifically binds fibronectin 
and integrin αvβ3, which can potentiate tumor angiogen-
esis and metastasis [126]. To date, various RGD-based 
targeting approaches have been intensively investigated 
for precise imaging and tumor interventions [127]. 
Recently, researchers developed MLT-loaded lipid-coated 
polymeric nanoparticles (MpG@LPN) with a MEL/poly-
γ-glutamic acid (MpG) NP inner core, a lipid membrane 
middle layer, and a hydrophilic PEG-RGD molecule for 
stealth and active targeting. MpG@LPN not only effec-
tively prevented the leakage of MLT to eliminate subse-
quent hemolysis and nonspecific cytotoxicity but also 

remarkably inhibited tumor growth via the specific bind-
ing of the RGD peptide to integrin ανβ3 and selective 
apoptosis-inducing ability [128] (Fig.  8). Overall, recep-
tor–ligand mediated targeting can promote maximum 
drug accumulation in tumor tissue to enhance the thera-
peutic value of MLT while decreasing the risks of adverse 
effects and toxicity to normal tissues.

Stimulus‑responsive targeting
Enzyme response
Most invasive diseases are characterized by elevated lev-
els of some secreted or membrane-bound enzymes that 
possess outstanding capabilities in biorecognition and 
catalysis [129, 130]. Therefore, specific spatiotempo-
ral control of drug release can be achieved using certain 
nanocarriers or delivery strategies capable of respond-
ing to disease-specific enzymes [131]. Legumain, a novel 
asparaginyl endopeptidase, can specifically recognize 
and cleave the COOH terminus of the substrate peptide 
(NH2-alanine–alanine–asparagine-COOH, AAN) [132]. 
Based on this, a tumor-activated size-enlargeable bioin-
spired lipoprotein of oxaliplatin (TA-OBL) was designed 
by integrating a legumain-sensitive MLT conjugate with 
drugs to enhance the intratumoral permeation and can-
cer cell accessibility of drugs. TA-OBL produced robust 
antitumor immune responses in  vivo and its combina-
tion with immune checkpoint blockades demonstrated 
notable therapeutic benefits with delayed tumor growth 
and an extended survival rate [45]. There are also reports 
that have indicated that MLT can cross the intestinal epi-
thelial barriers lining the gastrointestinal (GI) tract to 
improve oral drug bioavailability, suggesting its poten-
tial as an absorption enhancer without cytotoxicity [133, 
134]. In addition, Wang et al. developed a legumain-acti-
vable MLT-decorated polymeric nanovehicle (LPN) to 
enhance the oral delivery efficiency of sorafenib for gas-
tric cancer chemotherapy [135]. In this study, LPN was 
effectively absorbed across the GI barriers into the circu-
lation system due to the enhancement effects of MLT on 
preferential accumulation and deep penetration at tumor 
sites, resulting in notable inhibition of tumor growth 
through LPN-mediated combinational photothermal-
chemotherapy. However, it is difficult to completely con-
trol the release of drugs with high efficiency based on the 
enzyme response alone [136]. Therefore, the combination 
of enzyme response with on-demand therapeutic delivery 
would effectively improve utilization efficiency. The latest 
study reported a synergistic therapeutic system based on 
hypoxic-sensitive photosensitizers and MLT, which pos-
sessed dual activation of PDT by near infrared (NIR) and 
the TME. Concretely speaking, owing to overexpressed 
nitroreductase in the hypoxic tumor region, UCNPs@
FL-MEL cleverly transformed the "Achilles heel" of tumor 
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hypoxia into an activating factor of the hypoxia-sensitive 
organic photosensitive molecule. Simultaneously, MLT 
was hydrolyzed specifically by legumain in tumor cells 
and inhibited the formation of autophagic lysosomes 
[137] (Fig. 9). In addition, Zhang et al. developed a genet-
ically engineered vesicular antibody-melittin (VAM) 

drug delivery nanoplatform that could target glypican 
3-positive hepatocellular carcinoma for multimodal 
synergetic cancer therapy. Remarkably, VAM exhib-
ited significant antitumor effects when combined with 
chemotherapy or SDT without the generation of severe 
side effects through intravenous administration [138]. 

Fig. 8 A Schematic illustration of the fabrication and tumor-targeted therapy of MpG@LPN. B Cell apoptosis/necrosis analysis of A549 cells treated 
with PEGMpG@LPN and RGD-MpG@LPN by Annexin V/PI-FACS. C Caspase-3 activities in A549 cells treated with PEG-MpG@LPN and RGD-MpG@
LPN. D Images of tumor-bearing nude mice at 6 h after the administration of DiR-labeled PEG-MpG@LPN and RGD-MpG@LPN and ex vivo tumors 
at 24 h postinjection. E Flowchart of the antitumor experiment in vivo. F Tumor growth of A549 xenograft mice treated with PBS, PEG-MpG@LPN, 
and RGD-MpG@LPN. G Changes in the body weight of tumor-bearing mice in different groups. Reproduced with permission from [128]. Copyright 
2021, American Chemical Society
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The bioactive nanoMelittin could be released specifi-
cally in an MMP14-responsive manner at tumor sites and 
then form pores in membranes and disturb phospholipid 
bilayers of tumor cell membranes. Different antitumor 
agents could also be loaded on this smart nanoplatform, 
especially sonodynamic therapy agents, to improve the 
immunomodulatory effect of nanoMelittin and trigger a 
robust antitumor immune response.

Redox sensitivity
Abnormal cancer metabolism and the inflammatory 
microenvironment result in substantially greater dif-
ferences in redox homeostasis between solid tumors 
and healthy tissues, such as elevated levels of ROS 
and an abnormal disulfide redox state [139]. Accord-
ingly, a redox-responsive NP technology is emerging 
as a triggering mechanism for drug activation. Cheng 
et  al. developed a poly[(2-(pyridin-2-yldisulfanyl) ethyl 
acrylate)-co-[poly(ethylene glycol)]] polymer deriva-
tive that could form a complex with MLT through 

electrostatic forces [140]. It entered cancer cells through 
lactobionic acid-mediated endocytosis. Subsequently, 
the high redox potential of the intracellular environment 
could break the disulfide bonds and trigger the release 
of MLT intracellularly, ensuring that MLT would not be 
released prematurely before reaching the targeted tumor 
sites to prevent the occurrence of hemolysis. Compared 
to normal tissues, tumors have a profuse metabolism 
and a great oxidative state, which increases the levels of 
mitochondrial ROS generation [141]. Meanwhile, the 
ROS levels in tumor cells and in normal cells differ by 
hundreds or even thousands of times. Therefore, ROS-
activable NPs based on a series of ROS-responsive cleav-
able chemical structures, such as diselenide and thioether 
bonds, have gradually become an important therapeutic 
strategy [142, 143]. Qiao et al. reported that the complex-
ation of MLT and poly-epigallocatechin gallate (pEGCG) 
can be covered with phenylboronic acid-derivatized HA 
(pHA) via the ROS-responsive boronate ester coordi-
nation bond to produce the ROS cascade-amplifying 

Fig. 9 A Schematic illustration of the synthesis of UCNPs@FL-MEL and the mechanism for combination therapy of hypoxic tumors. B Confocal 
fluorescence images of HeLa cells stained with Ad-GFP-LC3B after various treatments and the statistics of the corresponding fluorescence intensity 
values. C Changes in key autophagy-related proteins, including P62, LC3-II and LC3 were investigated by Western blot in HeLa cells. D The cellular 
autophagy levels of HeLa cells after various treatments were observed by Bio-TEM images. The pink, green, blue and orange arrows represent 
the phagophore, autophagosome, autolysosome, and vacuoles, respectively. E Tumor volume changes in tumor-bearing Balb/c mice after different 
treatments. F Images of representative excised tumors from different groups after 14 days of treatment and the corresponding mean weight 
of the tumors. Reproduced with permission from [137]. Copyright 2023, Wiley
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nanodevice pHA-NC. Upon delivery to the tumor region 
by the EPR effect and undergoing receptor-mediated 
endocytosis into cancer cells, the inner cores of pHA-NC 
would be exposed once the pHA corona was degraded 
by hyaluronidase. Meanwhile, the elevated ROS level in 
the tumor cytoplasm disrupted the boronate ester bond 
to trigger the release of drugs. Finally, both pEGCG and 
MLT, as natural pro-oxidants, synergistically amplified 
oxidative stress and prolonged ROS retention in cancer 
cells, thereby significantly inhibiting tumor progression 
with minimal side effects [144] (Fig. 10).

pH sensitivity
The hypoxic environment in solid tumors promotes gly-
colysis and produces a slightly acidic microenvironment 
versus normal tissue. Therefore, NPs with delicate sur-
face characteristics could remain inactivated in blood 
circulation but respond to pH changes in the TME, thus 
rapidly converting to an activated state to achieve specific 
tumor therapy. In a previous study, 2,3-dimethylmaleic 
anhydride (DMMA) was proposed to modify and convert 
the original positive charge of the active amino groups in 
MLT to develop an ultra pH-sensitive MLT-DMMA for 

Fig. 10 A Schematic illustration of a multipronged nanocomplex (pHA-NC) preparation and the mechanism for ROS self-sufficient oxidation 
therapy of cancers. B  H2O2 production from different formulations in pH 7.4 PBS solution. C Relative ROS levels in B16F10 cells incubated 
with different formulations and times were measured by flow cytometry after DCFH-DA staining. D Fluorescence imaging of ROS generation 
in differently treated B16F10 tumor-bearing mice at 1, 6, 12 and 24 h, which were intratumorally injected as an indicator of ROS with DCFHDA 
(2.5 mg/kg) before intravenous injection of saline (I), pHA-NC (II) and HA-NC (III) at a dose of 2.5 mg/kg MLT. E Representative images of B16F10 
xenograft tumors in mice after different treatments on day 12. F Tumor growth curves of mice after different treatments (n = 5). G Body weight 
changes in B16F10 tumor-bearing mice during treatments (n = 5). H Animal survival rates after different treatments. Reproduced with permission 
from [144]. Copyright 2018, American Chemical Society
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targeted antitumor therapy. It exhibited sufficient safety 
in the blood circulation, but once it arrived in tumor tis-
sue, the pH labile imide bond would be cleaved under 
slightly acidic tumoral conditions to exert  timely anti-
tumor activity in the tumor lesion [145]. In addition, 
Lv S et  al. constructed a novel virus-inspired polymer 
for endosomal release (VIPER) platform by conjugat-
ing D-melittin to an ultra pH-sensitive polymer, which 
shields MLT at physiological pH and rapidly unsheaths 
MLT at endosomal pH [42]. To further surmount the sys-
temic and cellular barriers of the VIPER platform, their 
lab focused on developing a powerful peptide cancer vac-
cine platform that exhibited the desired pH-responsive 
property for LN-targeted antigen delivery. In this study, 
the mannosylated VIPER formulation could induce effi-
cient endosomal release and MHC-I antigen presenta-
tion upon endocytosis and acidification. Ultimately, this 
platform significantly inhibited tumor growth and pro-
longed survival in an aggressive melanoma model by 
inducing potent T-cell responses against  specific tumor 
antigens [146] (Fig. 11).

Temperature sensitivity
Due to their excellent spatiotemporal controllability, 
temperature-sensitive NPs for targeted drug delivery 
have received much attention in cancer treatment [147]. 

On the one hand, drug release shows drastic changes 
in response to external changes in temperature. On 
the other hand, mild hyperthermia has been shown to 
increase the perfusion, cellular permeability, and sen-
sitivity of tumor cells to chemotherapy or radiotherapy. 
In a recent study, Koide et al. described a novel approach 
that employed a temperature-responsive polymer NP 
based on poly(N-isopropylacrylamide) (pNIPAm) for 
the selective delivery of MLT [148]. It had a higher affin-
ity for loaded MLT at physiological temperatures but 
lost its affinity and rapidly released MLT at tumor sites 
upon cooling below its lower critical solution tempera-
ture (LCST). The cooling-induced release of MLT from 
pNIPAm-based copolymer nanoparticle 6 (Peg-NP6) 
effectively inhibited the growth of tumors while mini-
mizing peripheral damage to cells in other organs. This 
research was the first example of site-specific release of a 
macromolecular drug by local cooling for cancer therapy, 
opening a new field of temperature-responsive polymers 
for in vivo biomedical applications.

Conclusion and prospects
Although MLT has the potential to overcome tumor 
heterogeneity and resistance to chemotherapy, the 
use of free MLT is limited due to adverse side effects. 
Recent years have witnessed tremendous progress in 

Fig. 11 A Schematic illustration of the preparation of Man-VIPER-R and Man-VIPER-NR delivery systems, as well as their function in vivo. 
The formulations of self-assembled micelles are preferentially endocytosed via the mannosylated hydrophilic segment anddisassembled 
upon endosomal maturation.Then, it results in endosomal disruption and cross-presentation of MHC-I epitopes or lysosomal maturation 
and presentation of MHC-II epitopes to their own respective T-cell subsets. B Hemolytic activity of different micelles against human RBCs at pH 5.6, 
pH 6.2 and pH 7.4. C Scheme of the B16F10-OVA tumor model and treatment scheme of different drugs. Mice were vaccinated on days 3, 10, and 19 
and treated with ICB on days 4, 11, and 20. D Tumor growth curve of the tumor-bearing mice from the different treatment groups (n = 8). E Kaplan‒
Meier survival curve from the different treatment groups. Reproduced with permission from [146]. Copyright 2023, Elsevier
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the antitumor mechanisms and targeted delivery strat-
egies of MLT, thus providing a possibility for clinical 
application. At the same time, further exploration of 
the antitumor molecular mechanisms of MLT will con-
tribute to providing clinical insights and a theoretical 
foundation for optimizing targeted synergistic therapy.

MLT was originally separated and purified from hon-
eybee (Apis mellifera) venom, which contains a vari-
ety of active substances, including peptide enzymes, 
biologically active amines and some nonpeptide com-
ponents. Interestingly, differences between different 
honey bee species affect the compositions and contents. 
Recently, Maitip et  al. suggested that different honey 
bee species have different MLT amino acid composi-
tions [149]. There was, of course, a disparity in activ-
ity between the crude MLT from venom and synthetic 
MLT. In addition, one of the bottlenecks when studying 
toxins from small or rare venomous species is the dif-
ficulty of obtaining large amounts of venom and puri-
fied toxins. How to optimize the reasonable extraction 
or synthesis process of MLT to realize large-scale mass 
production is urgently needed but still very challenging. 
As the third wave for peptide synthesis, liquid-phase 
peptide synthesis (LPPS) allows the large-scale produc-
tion of peptides and reduces the energy and material 
consumption costs. Therefore, it is possible to obtain 
MLT in kilograms or tons through LPPS. Additionally, 
susceptibility and immunogenicity, which are directly 
linked to biopharmaceutical degradation in clinical 
applications, are also important factors to be consid-
ered. Venom immunotherapy is regarded as the only 
treatment approach to prevent anaphylactic reactions. 
Interestingly, in a recent study, low-dose α-melittin-
NPs suppressed the DC activation caused by allergens 
and the proliferation and activation of allergen-specific 
T cells, leading to efficient immunosuppression against 
T cell-mediated immune responses in allergic contact 
dermatitis [150]. In addition, it was shown that utilizing 
D-melittin instead of L-melittin diminishes antibody 
generation and immunogenicity [151]. These results 
may provide new and promising strategies to avoid the 
allergic risk of MLT. Notably, repeated administration 
of NP carriers conjugated with biologically active drugs 
is likely to trigger a host immune response and elicit 
antibodies against the carrier itself. In addition, PEG-
related immunological issues have received consider-
able attention. The presence of anti-PEG antibodies can 
result in rapid blood clearance of PEGylated drugs, even 
leading to life-threatening hypersensitivity reactions. 
Reducing the immunogenicity of biologics contributes 
to the production of anti-carrier antibodies. Therefore, 
some biomimetic nanomedicines and carrier-free sys-
tems prepared with pure cargos without involving any 

organic or inorganic carriers have the potential to avoid 
immunogenicity and potential toxicity.

Although various MLT-based antitumor strategies 
have shown great potential in eliciting robust antitu-
mor effects, almost all of them are still in their infancy. 
To exert the biological properties of MLT more effec-
tively and safely, it is critical to design and develop 
tunable and predictable delivery strategies as well as 
choose appropriate antitumor combination strategies 
to realize its full potential in the field of tumor therapy. 
Currently, gene therapy based on nanotechnology holds 
great promise for treating diseases ranging from inher-
ited disorders to tumors. Targeted delivery of plasmid 
DNA encoding MLT to tumor cells might achieve bet-
ter therapeutic potential. More importantly, there is 
no need to consider the issues of MLT sources through 
genetic modification.
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