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Background: Melittin, the main active peptide ingredient of bee venom, can cause severe cell 

membrane lysis due to its robust interaction with negatively charged phospholipids. So far, no 

effective anti-melittin vaccine has been developed to protect people from undesired melittin 

intoxication.

Methods: Herein, we prepared a polydiacetylene (PDA) nanoparticle with cell membrane-mimic 

surface to complex melittin, forming an anti-melittin vaccine (PDA–melittin).

Results: PDA nanoparticles could effectively combine with melittin and neutralize its toxicity. 

PDA–melittin nanocomplex is demonstrated to enhance melittin uptake by DCs and stimulate 

strong melittin-specific immunity. Mice immunized with PDA–melittin nanocomplex showed 

higher survival rate after exposion to melittin than untreated mice.

Conclusion: The PDA–melittin nanocomplex can efficiently and safely generate a specific 

immunity against melittin to protect body from melittin intoxication, providing a new method 

with potential clinical application for the treatment of melittin intoxication.

Keywords: PDA nanoparticles, melittin, toxoid vaccine, immunity

Introduction
Pore-forming toxins (PFTs) are membrane-damaging proteins secreted by bacte-

ria and wild living creatures (e.g., snakes, scorpions and wasps).1,2 Melittin is an 

important PFT and the main active component of venom peptides. It can lyse cell 

membranes by inhibiting transport pumps, particularly H+/K+-ATPase and Na+/K+-

ATPase.3 This leads to significant morphological change and functional damage, 

especially in excitable tissues like nerves and glands. Additionally, the membrane 

disruption mechanism of melittin also depends strongly on the geometry of the lipid 

layer. Lateral phase separation and lipid heterogeneity play a crucial role in the 

membrane disrupting process of melittin.4 Melittin showed stronger spontaneous 

activity on heterogeneous raft-forming membranes compared with homogeneous 

non-raft forming membranes with the same amount of cholesterol, which provides 

a basis for the design of antimicrobial peptides. 

Current strategies of treating toxoid intoxication basically rely on toxoid vaccine 

that processed with chemical or physical inactivation.5,6 Application of these strategies 

is restricted by the latent disruption of the epitope.7,8 Therefore, how to preserve the 

immunity epitope of melittin while eliminating its toxicity is a big challenge in the 

preparation of anti-melittin vaccines. In previous research on toxoid vaccine, erythro-

cyte membrane was separated to initiate nanoparticles which could entrap PFTs without 

compromising the structural integrity of toxins.9 The in vivo result shows that vaccina-

tion with nanoparticle-detained toxin stimulates stronger protective immunity against 
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toxins compared with heat-denatured toxin vaccination. 

However, the potential immunogenicity risk is the greatest 

challenge when using exogenous erythrocyte membrane to 

form a toxin vaccine. Recently, researchers prepared a variety 

of multi-functional polymer nanoparticles with high affinity 

to toxin, reaching up to 100% neutralization efficiency.10 

This research provided a new approach for designing 

advanced plasticity antidote. Based on our previous research, 

we found through computer simulation that nine confor-

mations of negative binding affinities were obtained after 

docking polydiacetylene (PDA) nanoparticles to melittin.11 

We concluded that PDA nanoparticles had the ability to 

interact with melittin through hydrophobic and electrostatic 

force, which further demonstrated that PDA nanoparticles 

could theoretically capture melittin. Since PDA nanoparticles 

are synthetic polymers without a non-immune prototype, they 

may overcome the risk of immunogenicity.

10,12-Pentacosadiynoic acid (PCDA) is the diacetylene 

monomer used for preparation of PDA nanoparticles.12,13 After 

ultraviolet irradiation, the diacetylene monomer will form 

ene-yne alternating polymer chains, which are responsible 

for the sensitivity of PDA nanoparticles to environmental 

changes, such as temperature variation, solvent changes, 

vapor exposure and pH variation, showing corresponding 

color change (blue to red) and emissive activation.14–16 The 

obtained PDA nanoparticles with specific vesicle structure 

are capable of sensing, attracting and neutralizing PFTs 

without causing protein denaturation, mimicking the role of 

normal cell membranes.17,18

In our study, we prepared a PDA–melittin complex to 

enhance immunity against melittin by incubation with PDA 

nanoparticles. PDA nanoparticles were characterized by size, 

zeta-potential, morphology, blood stability and toxin-binding 

efficiency. Furthermore, the antitoxin ability of the PDA–me-

littin complex vaccine against melittin was evaluated both in 

vitro and in vivo. We thus designed a biomimetic PDA nano-

particle based PFT antigen delivery platform. The platform 

consisted of analogous cell membrane mimic nanoparticles 

for the delivery of the perforation toxoid group, which could 

inspire the development of a broad-spectrum antitoxin vaccine 

and show potential application in PFT detoxification.

Materials and methods
Materials 
Melittin, 10, 12-pentacosadiynoic acid (PCDA), MTT 

reagent, bovine serum albumin (BSA), 4′,6-diamidino-2-

phenylindole (DAPI) and coumarin were purchased from 

Sigma-Aldrich (St Louis, MO, USA). CD40-PE, Major 

Histocompatibility Complex Class II (MHCII)-APC, CD80-

fluorescein isothiocyanate (FITC) and CD11c-PE antibodies 

(mouse) were purchased from Miltenyi Biotec (Bergisch 

Gladbach, Germany). Interleukin 4 (IL-4) and granulocyte-

macrophage colony stimulating factor (GM-CSF) were 

purchased from Bio-legend (San Diego, CA, USA). 3,3′,5,5′-
Tetramethylbenzidine (TMB) substrate was purchased from 

Beyotime Biotechnology (Shanghai, People’s Republic of 

China). Goat anti-mouse IgG (H+L), fetal bovine serum 

(FBS), Roswell Park Memorial Institute 1640 (RPMI-1640) 

and penicillin-streptomycin were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). All solvents used 

in this study were above analytical grade.

Cell line and mice
The 3T3 fibroblast cell line was purchased from American 

Type Culture Collection (ATCC, Manassas, VA, USA) and 

cultured in RPMI-1640 medium with 10% fetal bovine serum, 

100 U/mL penicillin, 100 µg/mL streptomycin, 400 µg/mL 

G418 and cultivated in an incubator at 37°C with 5% CO
2
 

atmosphere. All animals were purchased from Beijing HFK 

Bioscience (Beijing, People’s Republic of China) and raised 

under pathogen-free conditions. Mice were habituated to the 

environment for at least two weeks before the experiment. Six- 

to eight-week-old female C57BL/6 mice were used to extract 

bone marrow cells and cultivate bone marrow derived dendritic 

cells (DCs). Six- to eight-week old female BALB/c mice were 

used to perform the immunoprophylaxis and immunotherapy 

studies of PDA–melittin against toxins. Mice were humanely 

treated according to the guidelines of the Institutional Ani-

mal Care and Treatment Committee of Sichuan University. 

All animal procedures were approved and controlled by 

the Institutional Animal Care and Treatment Committee of  

Sichuan University.

Preparation of PDA nanoparticles
To prepare polymerized nanoparticles, 12 mg of PCDA was 

dissolved into dichloromethane and then filtered through a 

syringe filter (organic system; pore size 0.22 μm) (Millex-LG; 

EMD Millipore, Billerica, MA, USA) to purify the monomers 

before use. The filter liquor was put under rotary evaporation 

at 45°C for 30 min to remove the dichloromethane com-

pletely. Four mL double-distilled water at 60°C were added 

to re-dissolve the precipitate, followed by probe sonication 

for 15 min at ~75°C, then stored overnight at 4°C. At last, the 

nanoparticles were crosslinked by irradiation with ultraviolet 

for 45 min at room temperature. The obtained solution was 

adjusted to 2 mg/mL with water and stored at 4°C.
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Structural analysis of PDA nanoparticles
Size distribution, average size and zeta potential were deter-

mined by Zetasizer Nano ZS (Malvern Instruments, Malvern, 

UK). The PDA nanoparticle solution was diluted to a suitable 

concentration, and the size and zeta potential of PDA nano-

particles were tested at 25°C after equilibration for 2 min. The 

PDA nanoparticles were dyed with phosphotungstic acid and 

their morphology was examined by a transmission electron 

microscope (H-6009IV; Hitachi Ltd., Tokyo, Japan). 

Interaction between PDA nanoparticles 
and melittin
Neutralization efficiency of PDA nanoparticles to melit-

tin was measured by a red blood cell (RBC) lysis test. Fifty 

μL melittin (10 μg/mL) were pre-incubated with same 

volume of PDA nanoparticles (PBS as solvent). The PDA/

melittin mixture, free melittin (5 μg/mL, 100 μL) and PBS 

were then incubated with 100 μL murine RBC solution 

(4%) for 30 min at 37°C. Samples were then centrifuged at 

2,000 rpm for 1 min. Release of hemoglobin was monitored 

by measuring the absorbance (A
sample

) of the supernatant at 

540 nm. Controls for 0 and 100% neutralization of hemo-

lytic activity consisted of RBCs incubated with 5 μg/mL-

melittin (A
0%

) and PBS (A
100%

) respectively. The percentage 

of neutralization was calculated according to Equation 1:

	

 
Neutralization

efficiency (%)
100 1100%

0% 100%

= −
−

−
×

A A

A A
sample 000

�

(1)

The intensity of red fluorescence emitted by the toxin-

bound PDA nanoparticles was measured over time. Then 

100 μL melittin (0.1 mg/mL) were added into 100 μL PDA 

nanoparticles (1 mg/mL) (PBS as a solvent), and the red 

fluorescence intensity of the mixture was analyzed under a 

fluorescence microscope at different time points. 

A drug release study was used to detect the release curve 

of melittin from PDA–melittin complex. Melittin was mixed 

with PDA nanoparticles at mass ratio of PDA:melittin=10:1 

in deionized water. The mixture was then dialyzed in PBS 

using a dialysis bag (molecular cutoff weight is 80–120 kDa). 

Free melittin released from the PDA–melittin complex in the 

dialysate was collected at different time points, then the con-

tent was measured by high performance liquid chromatogra-

phy (Zenix-C SEC-150, Sepax Technologies, Inc., Newark, 

DE, USA, 4.6×300 mm column, PBS as liquid phase, pH=7.0, 

flow rate=1.0 mL/min, detection wavelength is 210 nm). The 

one-point external standard method was applied to calculate 

the content of melittin according to Equation 2:

	

C
x r

x

r

C
A

A
= ×

�

(2)

where C
x
=  sample concentration; C

r
= standard substance 

concentration; A
x
= peak area of sample; A

r
= peak area of 

standard substance.

The percentage of release was calculated according to 

Equation 3:

	

Release rate (%)

(n 1) (

n
2 1 1 2 1=

− − + +−C V V C C C V
n n

× + + ×
×

[ ] ..... )
1 1000

� (3)

where n= time of sample collection; c= concentration of col-

lected sample; v= volume of collected sample.

Generation of murine bone-marrow-
derived DCs
The bone marrow was obtained from female C57BL/6 mice 

aged 6 weeks. After repeated blowing of the cell suspension 

to disintegrate clusters, the RBC lysis buffer was added to 

remove RBCs from the suspension. After washing with 

RPMI-1640 medium twice, the cells were resuspended in 

RPMI-1640 medium containing GM-CSF (10 ng/mL) and 

IL-4 (10 ng/mL). After 48-h cultivation at 37°C with 5% 

CO
2
 atmosphere, the cell supernatant was discarded and the 

precipitated cells were collected and resuspended with fresh 

medium, cultured in 6-well plates. The medium was totally 

replaced with fresh medium after 48 h. Then half the medium 

was refreshed every 2 days with cytokines of appropriate 

concentration added. Six days later, all the suspended cells 

were collected to obtain rich bone marrow-derived DCs.

In vitro cytotoxicity assay
To evaluate the cytotoxicity of PDA–melittin complex, the 

cellular viability of DCs and murine 3T3 cells were detected 

using an MTT assay. 3T3 cells and bone marrow derived DCs 

were planted in a 96-well plate (5×104 cells/well) separately 

and then cultivated in an incubator overnight. When the cell 

density reached 60%, 100 μL PDA–melittin complex solution 

(3T3 cells, mass ratio PDA:melittin=10:1, the concentration 

of melittin is 6.25, 12.5, 25, 50, 100 μg/mL, respectively; 

DCs, mass ratio PDA:melittin=10:1, the concentration of 

melittin is 12.5 μg/mL) was added per well and incubated 

for 24 h. Then 0.5% MTT was added, followed by incuba-

tion for 4 h under the same conditions. After removing the 

supernatant, 150 μL DMSO was added into the well and then 

the plate was shaken at low speed on a shaker to dissolve the 
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crystals completely. The OD value (λ=570 nm) of sample 

(OD
sample

) and control (OD
blank

) was detected and cellular 

viability was calculated according to Equation 4:

	

Cell viability (%) =
−

−

OD OD

OD OD
sample blank

control blank

× 100

�

(4)

Cellular uptake of PDA–melittin complex 
to DCs in vivo and in vitro
Cellular uptake of PDA–melittin complex in vitro could be 

evaluated by detecting the red fluorescence emitted from 

PDA–melittin nanocomplex in DC cytoplasm. For this, 500 μL 

(12.5 μg/mL) melittin was incubated with the same volume 

of PDA nanoparticles (initial concentration is 125 μg/mL) 

for 30 min. Then the mixture (1 mL) was added to the DCs 

(1×104 cells/well) at 37°C with 5% CO
2
 atmosphere for 1 

h. Then the cells were dyed with DAPI (0.1 μg/mL) and the 

cellular uptake of PDA–melittin complex was observed under 

a fluorescence microscope. Furthermore, the PDA nanopar-

ticles which were labeled with coumarin were subcutaneously 

injected into mouse. After 24 h, the draining lymph nodes 

at the injection site were taken out, completely ground and 

filtered to obtain a cell suspension. Then the obtained cells 

were marked with CD11c-PE antibodies and flow cytometry 

was used to test uptake efficiency of PDA nanoparticles by 

DCs in vivo.

DCs maturation analysis
DCs at day 6 (3×105 cells/well, 12-well plate) were incubated 

with PDA–melittin complex loaded with 1.25 μg melittin at 

37°C for 24 h in incubator. Three surface antigen markers 

(PE-CD40, APC-MHCII and FITC-CD80) level was measured 

by flow cytometry (BD Biosciences, San Jose, CA, USA) and 

analyzed by FlowJo software Version 6 (TreeStar; Becton, 

Dickinson and Company, Franklin Lakes, NJ, USA).

Immune protection analysis
BALB/c mice (6–8 weeks old, female) were immu-

nized with PDA–melittin complex (0.5 mg/kg melittin, 

PDA:melittin=10:1) every other week, three times in total 

(n=10). Then the serum samples were collected at different 

time points. Enzyme linked immunosorbent assay (ELISA) 

was used to measure the IgG titers of anti-melittin specific 

antibodies. Then, a RBC lysis test was administrated to 

evaluate the neutralization rate of serum obtained from mice 

vaccinated after 28 days. The immunized mice received a 

lethal bolus dose of melittin at 3 mg/kg through intravenous 

tail-vein injection and the protective immunity against 

melittin was examined by the observation of survival rate 

over time.

Results
In this work, we developed a method of preparing PDA 

nanoparticles with appropriate size and uniform distribu-

tion. The formation process is presented in Figure 1A. 

We used the diacetylene monomer PCDA to self-assemble 

the spherical bilayer structure by probe sonication. The 

1,4-photopolymerization activated by ultraviolet irradia-

tion would form a π-conjugated backbone with alternating 

double- and triple-bond groups in the main polymer chain, 

which leads the polymer to have a deep blue color.11 The 

morphology analysis of the PDA nanoparticles was per-

formed via transmission electron microscope. The size and 

zeta potential of PDA nanoparticles were also measured 

by Zetasizer Nano ZS. The equilibration time was 2 min 

and test temperature was 25°C during measurements. All 

results were expressed by the means of three test runs plus 

standard error. As shown in Figure 1B, the PDA nanoparticle 

prepared in our experiment presented a vesicle structure in 

the images of TEM and had an average diameter of about 

70 nm (PDI=0.231) with a zeta potential of -30 mV±1.2 mV 

on its membrane (Figure 1D and E). The average diameter of 

PDA–melittin nanoparticle is 81 nm (PDI=0.271) and the zeta 

potential is -17 mV±0.8 mV (Figure 1F and G). The absorp-

tion spectra of PDA nanoparticles containing a peak with a 

maximum at 650 nm could be observed (Figure 1C).

The interaction between PDA nanoparticles and melit-

tin disrupts the extensively delocalized ene-yne backbones 

of molecularly ordered PDA side chains, thus causing a 

colorimetric response from this PDA material and induc-

ing a fluorescence enhancement (Figure 2A). As shown in 

Figure 2B, binding melittin to PDA nanoparticles enhanced 

a red fluorescence and the fluorescence intensity gradually 

increased as the time of combination extended. As shown 

in Figure 2C, a higher concentration of melittin mixed with 

PDA nanoparticles could also lead to an increase of red 

fluorescence intensity. To evaluate the efficiency of PDA 

nanoparticles to neutralize melittin, we designed a RBC 

lysis test. In our test, the mixture of PDA and melittin was 

added into a 4% RBC solution. The melittin neutralization 

rates of PDA nanoparticles at different concentrations are 

shown in Figure 2D; observation of the supernatant can 

also indicate the neutralizing efficacy of PDA nanoparticles 

(Figure 2E). Based on these results, we concluded that the 

neutralization efficiency of PDA nanoparticles could reach 

up to 90% under the mass ratio of PDA:melittin=10:1. 
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So we adopted this ratio and concentration as alternative 

criteria in our experiment. A drug release study demonstrated 

that melittin was firmly captured onto the PDA nanoparticles. 

We dialyzed the PDA–melittin complex or free melittin solu-

tion against phosphate-buffered saline (PBS) and collected the 

dialysate at eight time-points, using high performance liquid 

chromatography (HPLC) to determine the toxin release of 

both samples. As exhibited in Figure 2F, a fast growth phase 

of the release of toxin was observed within 1 h, followed by a 

relatively stable phase. The free melittin sample released the 

toxin rapidly through the semipermeable membrane and the 

toxin release rate reached 100% in about 8 h. However, 

the release rate of the PDA–melittin sample was under 20% 

within 24 h, indicating that the combination between PDA 

nanoparticles and melittin is tight.

It is necessary to evaluate the toxicity of PDA–melittin 

complex for the application of toxoid vaccine. An MTT 

assay was used to evaluate the cytotoxicity of PDA–melittin 

Figure 1 Characterization of PDA and PDA–melittin nanoparticles.
Notes: (A) A scheme of the self-assembly process of PDA nanoparticles with bilayer structure. PCDA was self-assembled into colorless nanoparticles after probe sonication at 
70°C. Polymerization of PCDA via a 1,4-addition reaction was achieved by UV irradiation at 254 nm, forming a blue polymer with alternating double-triple bond. (B) Transmission 
electron microscopy image of PDA nanoparticles. (C) UV spectrum of PDA nanoparticles. (D, E) The particle size distribution spectrum and the zeta potential distribution spectrum 
of PDA nanoparticles. (F, G) The particle size distribution spectrum and the zeta potential distribution spectrum of PDA–melittin nanoparticles. The test temperature was 25°C.
Abbreviations: PDA, polydiacetylene; PCDA, 10,12-pentacosadiynoic acid; NP, nanoparticle.
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complex to mouse 3T3 fibroblast or DCs in vitro. As shown 

in Figure 3B, PDA could neutralize melittin (initial con-

centration is 12.5 μg/mL) efficiently and the toxicity of 

PDA–melittin complex to normal cells was much weaker 

than free melittin. PDA–melittin complex showed up to 

70% cellular viability of DCs, whereas free melittin caused 

90% cell apoptosis (Figure 3C), which implied a potential 

detoxification application in vivo.

The cellular uptake of nanoparticles by macrophages 

from the mononuclear phagocyte system indicated that 

the PDA nanoparticle could deliver melittin into antigen-

presenting cells as a carrier. We incubated the PDA–melittin 

complex with DCs and then examined the cellular uptake of 

PDA nanoparticles by DCs under a fluorescence microscope. 

As shown in Figure 3A, the red fluorescence appeared in 

the cytoplasm of DCs, implying that DCs could completely 

uptake PDA–melittin complex in vitro. To prove that PDA 

nanoparticles could target DCs as a carrier in vivo, two 

groups of mice were subcutaneously injected with PBS 

(as a control) or PDA nanoparticles labeled by coumarin 

(green fluorescent). After 24 h, the draining lymph nodes 

of the mice injection sites were obtained to extract DCs. 

DCs from the lymph nodes were marked with CD11c-PE 

antibodies and tested by flow cytometry. As shown in Figure 

4A and B, much higher green fluorescence appeared in DCs 

from mice injected with PDA nanoparticles compared to 

the control, indicating that DCs could uptake PDA nano-

particles effectively. In addition, it was demonstrated that 

the PDA–melittin complex could target DCs efficiently. 

The mechanism of the PDA–melittin complex in promot-

ing immunity against melittin was studied by detecting 

the specific cell surface antigen expression of DCs. The 

Figure 2 Interaction between PDA nanoparticles and melittin.
Notes: (A) Schematic presentation of the color variation after PDA binding with melittin. The solution color turns from blue to red after incubation at 37°C for 30 min. (B) 
The fluorescence alteration of PDA nanoparticles (20 mg/mL) after binding with melittin under a microscope at different time points. The fluorescence turned from none to 
red. (C) The red fluorescence intensity of PDA nanoparticles that were incubated with melittin of different concentrations at 37°C for 30 min. (D) The neutralization rate 
of PDA nanoparticles to melittin (5 μg/mL) at different ratios. (E) Centrifuged RBCs after incubated with melittin (5 μg/mL) combined with different concentrations of PDA 
nanoparticles. (F) Drug release of free melittin and PDA–melittin in vitro. 
Abbreviations: PDA, polydiacetylene; RBCs, red blood cells.
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MHCII, CD40 and CD80, which were closely related to 

DC maturation, were marked with fluorochrome–antibody 

and the expression level was detected by flow cytometry. 

As shown in Figure 3D, after a 24-h incubation of DCs and 

PDA–melittin complex in vitro, the DCs showed much 

higher fluorescence intensity in MHCII, CD40 and CD80 

surface antigen than untreated DCs. This suggested that 

PDA–melittin complex could contribute to the maturation 

of DCs to achieve better effect of its antigen presentation, 

further enhancing immunity. 

To further illustrate the immunity effect against toxin acti-

vated by PDA–melittin complex, we conducted a time-course 

study over 92 days and applied ELISA to examine the specific 

antibody titers of serum from mice. Mice were divided into 

three groups and immunized with PDA–melittin complex, 

heated melittin and free melittin respectively (3 immu-

nizations, interval of each time is 7 days). As shown in 

Figure 4C, the IgG titer level of PDA–melittin complex 

could reach the peak value (3.2×104) at day 28 after immu-

nization, which was higher than those treated with heated 

melittin and free melittin. IgG titers of all groups reduced 

over time. The PDA–melittin complex group maintained a 

higher titer compared with the free melittin group, which 

gradually lost the protective immunity against melittin. The 

Figure 3 Characterization and immunization effect of PDA–melittin complex in vitro.
Notes: (A) Cellular uptake of PDA-melittin nanocomplex in DCs after incubation at 37°C with 5% CO2 atmosphere for 1 h. Scale bar: 5 μm. (B) Cell viability of 3T3 cells after 
treatment by PDA–melittin complex (PDA:melittin=10:1, the concentration of melittin is 6.25, 12.5, 25, 50, 100 μg/mL, respectively). (C) Cell viability of DCs after treatment 
by PDA–melittin complex (PDA:melittin=10:1, the concentration of melittin is 12.5 μg/mL). (D) The effect of PDA–melittin on the surface antigen expression of DCs.
Abbreviations: DCs, dendritic cells; PDA, polydiacetylene; MLT, melittin.
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efficient antigen delivering effect of PDA nanoparticles to 

the lymphatic system could cause higher specific antibody 

titers and improve immunological effect. Furthermore, we 

conducted a RBC lysis test to evaluate the neutralization 

rate of the serum obtained from mice vaccinated after 

28 days. Melittin was mixed with the serum under different 

ratios and then incubated with murine RBCs for 30 min. 

In Figure 4D and E, we found that the hemolytic activity 

of melittin reduced with the increase of the serum. When 

the ratio of melittin:serum=1:2.5 (melittin=1 μg), the serum 

could completely neutralize the toxicity of melittin. This 

illustrated that the serum from the vaccinated mice contained 

anti-melittin substances which were able to produce effective 

resistance to melittin. 

Finally, we examined the protective immune effect 

stimulated by PDA–melittin complex. At the fourth week, 

Figure 4 The immunization effect of PDA–melittin complex in vivo.
Notes: (A) The uptake of PDA nanoparticles to DCs in vivo by flow cytometry (scatter plot). (B) The uptake of PDA nanoparticles to DCs in vivo by flow cytometry 
(histogram). (C) Time course of anti-melittin IgG titers in free melittin treated mice (black circles), mice immunized with heat melittin (blue squares) or PDA–melittin 
complex (red triangles). (D) The hemolysis analysis of serum extracted from mice immunized with PDA–melittin complex. (E) The toxin neutralization effect of serum 
extracted from mice immunized with PDA–melittin complex. (F) Survival rate of mice challenged with melittin after immunized with PDA–melittin nanocomplex (red squares) 
and unimmunized (blue circles).
Abbreviations: PDA, polydiacetylene; FITC, fluorescein isothiocyanate; PE-CD11c, phycoerythrin-CD11C.
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following 3 doses of vaccination, the mice received a toxin 

challenge of lethal bolus dose (melittin=3 mg/kg) through 

intravenous tail-vein injection. As shown in Figure 4F, the 

survival rate of the unvaccinated group decreased to 20% 

within 24 h after the injection of melittin, while 75% immu-

nized mice survived under the same condition. The result 

showed that PDA–melittin vaccine could activate an effective 

immune prevention. 

Discussion
Nanotoxoid strategy shows great promise in preparation 

of PFT vaccines. Compared with traditional chemical- and 

heat-mediated detoxification process,19–21 toxicity of PFTs 

is removed in a more moderate and effective way based 

on the interaction between PFTs and PDA nanoparticles. 

The PFTs captured by nanoparticles will be specifically 

and efficiently delivered to DCs. The preserved antigenic 

epitope on the toxin will effectively stimulate subsequent 

immunity. This method of antigen protection is supported by 

the existing application of biomimetic nanosponges in cargo 

delivery.22–24 Inspired by absorption of PDA nanoparticles to 

PFTs, we prepared PDA nanoparticles and demonstrated that 

the PDA–PFT complex is nontoxic and can induce antigen-

specific protective immunity in vivo.

In previous research, we prepared PDA nanoparticles 

by ultraviolet irradiation of PCDA nanovesicles.11 PDA 

nanoparticles with vesicle structure and membrane-mim-

icking surface were used to attract, capture and neutralize 

melittin. The detoxification process is similar to that of 

the RBC membrane-coated nanoparticle system, which 

is reported before.9 However, compared with exogenous 

erythrocyte membranes, it is a reliable way to obtain an 

antidote without potential immunogenicity risks. There-

fore, we explored the application of PDA nanoparticles in 

antitoxin vaccine in this research. The ene-yne alternating 

structure of the surface of PDA nanoparticles increases 

thermal stability and mechanical strength of the materials, 

indicating promising applications of the nanoparticles in 

bio-sensing.25–27 This is helpful to test the cellular inter-

nalization by DCs to PDA–PFT complexes. We incubated 

PDA nanoparticles with melittin, which is a model toxin, 

to evaluate the safety of a PDA–PFT complex by the RBC 

lysis test and drug release study. When we study the toxin 

releasing state in vitro, stimulus-responsive nanoparticles 

may be useful for constructing a biomimetic membrane 

model. As reported in previous research,28 hybrid liposomes 

formed by a photo-polymerizable lipid and saturated lipids 

go through a phase transition in a relevant temperature 

range, which provides possibilities for mimicking the varied 

conditions of the body microenvironment. Additionally, 

the uptake of PDA–melittin complex to DCs in vitro was 

observed under a fluorescence microscope. The uptake 

of DCs to PDA nanoparticles in vivo was tested by flow 

cytometry. All the results indicate that PDA nanopar-

ticles might be safe and effective carriers to achieve toxoid 

vaccine delivery.

Based on the innate function of regulating immunity 

induction and tolerance maintenance, DCs are considered 

critical in underlying the body immune system.29–32 Both 

fluorescence tracking and flow cytometry test demonstrate the 

enhanced cellular uptake of PDA–melittin complex to DCs 

compared with the control groups. CD80 is the co-stimulus 

factor of CD86 in the process of T lymphocyte activation. 

Irritation of CD40 can upregulate the expression of MHCII, 

CD86 and CD80 on the cell surface of DCs and enhance 

the antigen-presenting effect of DCs effectively.33 In our 

study, the expression of CD80, CD40 and MHCII on the 

surface of DCs is increased after immunization by PDA–

melittin complex, implying that PDA–melittin can promote 

DC maturation and enhance its antigen presenting. In the 

ELISA test, the ability of PDA–melittin complex to elicit 

specific antibody was evaluated. Meanwhile, PDA–melittin 

complex immunized mice had the capacity to survive after 

the challenge of a lethal bolus dose of melittin in vivo. No 

adjuvant was used in this study.

We conclude that PDA nanoparticle-mediated toxin anti-

gen delivery could induce effective immune response and 

produce toxin-specific antibodies. Thus, PDA nanoparticle-

mediated toxin antigen delivery has promising applications 

in the preparation of broad-spectrum antitoxin vaccine. 

This strategy provides a theoretical basis and technical 

guide for achieving different kinds of PFT vaccines, such as 

α-hemolysin (Hla-α), and aerolysin. Since field work people 

are much easier to get to perforins, the practical application 

of these potential products is mainly in beekeeping, snake 

farming, military affairs, etc. People employed in these 

occupations could receive related toxin vaccines first for 

protection from unexpected detoxification.
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