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Abstract 

Background:  Pine wilt disease as a devastating forest disaster result from Bursaphelenchus xylophilus that spread by 
stem-borers Monochamus alternatus feeding on pine leaves, which has brought inestimable economic losses to the 
world’s forestry due to lack of effective prevention and control measures. In this paper, we put forward a proposal for 
utilizing nanoHKUST-1 to encapusulate the Pyrethrins II that a nerve agent extracted from plant to control M. alterna-
tus, including toxicity mechanism research, traceable biopesticide monitoring, and environment assessment for the 
first time. The highly biocompatible nanoHKUST-1 can solve the problems of poor water solubility, easy degradation 
and low control efficiency of Pyrethrins II.

Results:  The results illustrated the biopesticide loading efficiency of PthII@HKUST-1 reached 85% and the cumulative 
release of pH-dependent PthII@HKUST-1 was up to 15 days (90%), and also effectively avoid photodegradation (pH 
7.0, retention 60.9%). 50 nm PthII@HKUST-1 made it easily penetrate the body wall of MA larvae and transmit to tissue 
cells through contact and diffusion. Moreover, PthII@HKUST-1 can effectively enhance the cytotoxicity and utilization 
of Pyrethrins II, which will provide valuable research value for the application of typical plant-derived nerve agents in 
the prevention and control of forestry pests. PthII@HKUST-1 as an environmentally friendly nano-pesticide can effi-
ciently deliver Pyrethrins II to the larval intestines and absorbed by the larvae. PthII@HKUST-1 could also be transmit-
ted to the epidemic wood and dead wood at a low concentration (10 mg/L).

Conclusion:  Here we speculate that nanoHKUST-1 will bring new opportunity to research biopesticide inhibition 
mechanism of different agricultural and forestry pests, which will break through the existing research limitations 
on development, utilization and traceable monitoring of biopesticide, especially for the study of targeting specific 
proteins.
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Introduction
Stem-borers can seriously hinder the transportation of 
plant nutrients and water by drilling into branches and 
trunks, and harm a variety of economic and ecologi-
cal tree species, leading to withering and even death 
[1, 2]. Monochamus alternatus Hope (MA) is not only 
an important stem-borer of pine, but also an important 
vector insect of pine wilt disease [3, 4]. Pine wilt dis-
ease, also known as pine cancer, can infect more than 
50 kinds of pine trees, which has brought direct eco-
nomic losses and ecological service value losses of more 
than 10 billion CNY per year in China [5–8]. In the 
process of pine wilt disease diffusion and infection, MA 
plays a key role in carrying, transmitting and assisting 
the pathogen Bursaphelenchus xylophilus to invade the 
host [5]. Therefore, effective prevention and control of 
MA is a key factor to cut off the transmission of pine 
wilt disease. At present, chemical control measures are 
considered to be one of the most effective and fastest 
solution to eliminate pests. Unfortunately, the current 
commercial insecticides cannot effectively control the 
occurrence and harm of B. xylophilus and MA because 
of low adhesion and transmission efficiency in the 
stem and branches of pine. The dosage of pesticides is 

multiplied to achieve the desired control effect, which 
not only increases the production cost but also causes 
the resistance of target organism to pesticides, and pos-
ing a serious impact on the safety of soil and groundwa-
ter [6–8]. Therefore, an efficient high drug loading drug 
delivery medium is considered to be urgently needed to 
be developed to effectively control Stem-borers MA.

In recently years, nanotechnology has gradually been 
applied in the agriculture and forestry pest control [9, 
10]. Especially, nanotechnology shows excellent prop-
erties in the transportation of agrochemicals, including 
fertilizers [11], pesticides [12] and hormones [13]. In 
2019, International Union of Pure and Applied Chem-
istry (IUPAC) ranked nano-pesticides as the top ten 
emerging chemical technologies that could change the 
world [14]. By use of special properties of nanomate-
rials, the defects of traditional formulations can be 
solved in a targeted manner [15]. For example, Zhao 
developed a hat-shaped carrier to prolong the retention 
time of the active ingredients on the leaf surface and 
release pesticides in a controlled manner by modifying 
nanomaterials [16]. Xu modified the thermosensitive 
material PNIPAm on the surface of PDA microspheres 
to prepare the pesticide temperature or near-infrared 
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controlled release system [17]. Su et  al. used a poly-
mer biomaterial with excellent biocompatibility, bovine 
serum albumin, as pesticide Thiacloprid carrier to con-
trol trunk-boring pests [18].

MOFs (Metal-organic frameworks) are a kind of 
organic–inorganic hybrid materials, also called coor-
dination polymers, which are different from inorganic 
porous materials and general organic complexes [19, 
20]. It has both the rigidity of inorganic materials and 
the flexibility of organic materials, and presents huge 
development potential and attractive development 
prospects in modern materials research because of 
open unsaturated metal sites. In addition, Pyrethrin, is 
an active ingredient with insecticidal effect isolated and 
extracted from Pyrethrum cinerifoliun [21]. It is inter-
nationally recognized as the safest and pollution-free 
natural insecticide to control agricultural and forestry 
crop pests [22]. HKUST-1 (Cu-MOFs) as a member 
of MOFs family has excellent catalytic and adsorption 
properties. Therefore, in this study, nanoHKUST-1 
was utilized to encapusulate the Pyrethrins II (PthII) 

preparing a new PthII nano-pesticide to control MA. 
Meanwhile, the toxicity, transmission efficiency and 
environmental impact of PthII nano-pesticide were also 
evaluated in this study as is seen in Fig. 1.

Materials and methods
Materials and characterization
Pyrethrins II (PthII, 98%) was purchased from Shanghai 
Acmec Biochemical Co., Ltd (Shanghai, China); Trimesic 
acid (H3BTC, 98%), copper acetate (Cu(OAc)2⋅H2O, 98%) 
and acetic acid (HAc, > 99.8%) were provided by Shang-
hai Macklin Biochemical Co., Ltd. (Shanghai, China); 
Fluorescein isothiocyanate (FITC, > 95%) and trypan blue 
were supplied by Coolaber Science & Technology Co., 
Ltd (Beijing, China); DAPI Staining Solution and 4%Para-
formaldehyde Fixative Solution were supplied by Shang-
hai Beyotime Bio-Technology Co., Ltd (Shanghai, China); 
DMEM medium and Fetal bovine serum (FBS) were 
obtained from ThermoFisher scientific Co., Ltd (Shang-
hai, China); Insect cell culture medium sf9 was pur-
chased from Thermo Fisher Scientific (Shanghai, China). 

Fig. 1  Schematic illustration of preparing PthII@HKUST-1 and FITC@HKUST-1, epidemic wood transmision of PthII@HKUST-1 that including 
traceable drug monitoring, and plague tree treatment
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Nematode growth medium (NGM) was obtained by 
Shijiazhuang cmore Technology Co., Ltd (Shijiazhuang, 
China); CCK-8 kit was got from New Cell & Molecu-
lar Bio-Technology Co., Ltd; The C. elegans, the Bristol 
strain N2 and escherichia coli OP50 (E. coli strain OP50) 
were obtained from Sunybiotech Science & Technology 
Co., Ltd (Fujian, China); DF-1 cells were C/E chicken 
embryo fibroblasts which were resistant to endogenous 
ALV in the E subgroup, and were a gift from the Insti-
tute of Poultry Diseases and Tumors of the United States 
Department of Agriculture that was preserved by our 
laboratory for generations. Other reagents were from 
Beijing Aitemon Co., Ltd (Beijing, China).

X-ray diffraction (XRD) patterns were recorded with 
a Bruker D8 Discover 25 Advance diffractometer using 
nickel-filtered Cu Kα radiation (λ = 1.5406  Å). UV-vis-
ible spectra were recorded on a DaoJin UV-2550 spec-
trophotometer. Thermogravimetric analysis (TGA) was 
performed on a TG-DTA6300. Transmission electron 
microscopy (TEM) images was taken by a JEOL JEM 
2100F at an accelerating voltage of 200 kV. Scanning elec-
tron microscopy (SEM) images were obtained by a JEOL 
JSM-6700F field-emission SEM with an accelerating 
voltage of 10 kV. Nitrogen sorption were performed in a 
MicroActive ASAP 2460 (2.02 version) adsorption appa-
ratus at 77 K up to 1 bar to obtain pore volume and pore 
size by analyzing nitrogen adsorption and desorption 
isotherms. Confocal laser scanning microscope (CLSM) 
images were performed on a Leica TCS SP8 microscope. 
Fluorescent inverted microscope (Nikon TE2000), flow 
cytometer (BD LSRFortessa 4), stereo light microscope 
(SLM, Nikon, SMZ25), biological microscope (Yoke, 
XSP-8CA), high performance liquid chromatography 
(HPLC) is configured with Waters 1525 column oven and 
Waters 2998 UV detector. Cell viability was measured on 

a ThermoFisher Varioskan Lux Multifunctional micro-
plate reader.

Preparation of PthII@HKUST‑1
HKUST-1 as a member of the MOFs is widely used in the 
fields of medicine, catalysis, membrane engineering, etc., 
which is chosen to load biopesticide into HKUST-1, hop-
ing to avoid the application problems of small-molecule 
biopesticide on the basis of reducing environmental pol-
lution, and realize the high-efficiency application of pes-
ticides. However, the size of HKUST-1 is usually large, 
and although it is speculated that it can effectively kill 

the insect of MA, it may not be transmitted efficiently on 
the diseased pine trees. So, this will prompt us to con-
sider this harsh problem. In this paper, nanoHKUST-1 
was chosen for encapsulating PthII to research the tox-
icity mechanism, traceable biopesticide monitoring and 
environment assessment. Simply, 0.6  g Cu (OAc)2·H2O 
was dispersed in 10% aqueous acetic acid, and 0.42  g 
H3BTC/20  mL ethanol was added drop by drop under 
high speed stirring for 60 min. The blue precipitate was 
collected by centrifugation of 14,000  rpm for 30  min, 
and washed with ethanol several times, then the precipi-
tation was replaced with deionized water twice, stored 
at  −  80  °C for 2  h before freeze-drying. The obtained 
lyophilized powder of nanoHKUST-1 was redispersed in 
20 mg/mL PthII/ethanol and stirred for 48 h. The mixture 
was centrifuged to collect the precipitate and washed 
with ethanol several times to harvest PthII@HKUST-1.

Preparation of FITC@HKUST‑1
1 mg FITC was ultrasonically dissolved in 40 mL deion-
ized water, and 50 mg nanoHKUST-1 powder was added 
to the FITC solution to stir at 300 rpm for 4 h in the dark. 
The product was centrifuged at 14,000  rpm for 20  min, 
and the supernatant was removed. The obtained precipi-
tate was washed with deionized water several times to 
harvest FITC@HKUST-1.

Detection of PthII@HKUST‑1 biopesticide‑loaded
5  mg nanoHKUST-1 powder was dispersed in differ-
ent concentrations of PthII/ethanol solution, and stirred 
at 300 rpm for 48 h. After the reaction, the supernatant 
was collected at 14,000  rpm for 20  min to measure the 
content of free PthII using an UV spectrophotometer. 
The loading efficiency of PthII@HKUST-1 was calculated 
according to the following formula [18].

Release performance of PthII@HKUST‑1
The release curve of PthII@HKUST-1 was determined 
according to the method described in literature [23]. 
PthII@HKUST-1 powder was dispersed in PBS, trans-
ferred it to a dialysis bag after being ultrasonically dis-
persed, and put the dialysis bag into the deionized water. 
The release system was placed in a shaking box (150 rpm) 
for incubation. At different time points, the precipi-
tate in the dialysis bag was collected by centrifugation, 
eluted with ethanol ultrasonic for three times, and cen-
trifuged to collect the supernatant, and then the release 
amount of PthII in PthII@HKUST-1 was detected by 

Loading efficiency =

(

Weight of total PthII−Weight of free PthII

PthII@HKUST−1

)

× 100%
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high performance liquid chromatography (HPLC, Waters 
2998 UV detector) after filtration with 0.22  µm filter 
membrane. The liquid chromatography detection con-
ditions are as follows: mobile phases were acetonitrile 
(A) and 0.1% formic acid in water (B), gradient elution 
conditions: 0–10  min was 60–80% A, 10–10.1  min was 
80–100% A, 10.1–15 min was 100% A,15–15.1 min was 
100–60% A, 15.1–20  min was 60% A, with a flow rate 
0.3 mL/min, injection volume 1 µL, column temperature 
40  °C. The maximum absorption wavelength of PthII is 
228 nm.

Photodegradability of PthII@HKUST‑1
1  mg PthII@HKUST-1 powder was ultrasonically dis-
persed in 10 mL of PBS with pH of 5.0, 7.0 and 9.0, and 
spread in a 9.0  cm petri dish, then natural dried in the 
dark. The petri dishes containing PthII@HKUST-1 were 
exposed to ultraviolet light for different time, Free PthII 
and PthII water emulsion (PthII/WE) were as a control. 
Free PthII was dissolved in ethanol and spread in 9.0 cm 
a petri dish, and PthII/WE was directly spread in 9.0 cm 
a petri dish. The anti-photolysis performance of PthII@
HKUST-1 was measured by UV spectrophotometer 
at 228  nm, that is, the difference between the mass of 
PthII before irradiation and the remaining amount after 
irradiation.

Biodistribution and cellular uptake
Firstly, ten of 5th instar MA larvae were placed in 6 cm 
petri dishes, respectively. The dispersed FITC@HKUST-1 
(10  μg/mL) was sprayed on the larvae by small pres-
sure spray can (soLo-408). After incubating for 5  min, 
the larvae are repeatedly rinsed with deionized water by 
small pressure spray can to remove non-adhered FITC@
HKUST-1. The treated larvae were paralyzed with ethyl 
acetate and placed under a stereo light microscope 
(Nikon, SMZ25) to observe the fluorescence distribution 
on body wall and stomata. The main respiratory system 
of most insect larvae is through larval stomata, and a 
small amount spread through the body wall. Therefore, 
larval stomata and body wall gully area were focused on 
detection during the shooting. Secondly, the evenly dis-
persed FITC@HKUST-1 (10 μg/mL) solution was mixed 
with the artificial diet to feed MA larvae after starving for 
24 h. After the larvae had fully fed for 1 h, the larvae were 
stored in 4% paraformaldehyde fixative solution for 48 h 
in the dark, and observed the fluorescence distribution 
of gut through dissecting intestines and making paraf-
fin section. The fluorescence distribution of the larvae’s 
intestines was observed with a fluorescence microscope. 
Finally, 50 of 5th instar MA larvae were placed in 6 cm 
petri dishes, respectively. PthII@HKUST-1 (10  g/mL) 
was sprayed on the larvae by small pressure spray can 

and extend the crawling time of the larvae (1, 2, 3, 4 and 
5 h) according to the previous operation. The epidermis 
of the larvae was dissected to observe the distribution of 
PthII@HKUST-1 on the epidermis through SEM.

In order to further study the cellular uptake of PthII@
HKUST-1, DF-1 cells (C/E chicken embryo fibroblasts) 
were obtained as a model cell line, FITC@HKUST-1 was 
used to indirectly characterize the distribution of PthII@
HKUST-1 on the surface of DF-1 cells. Firstly, DF-1 cells 
were inoculated into a 24-well plate at a concentration of 
5 × 104 cells/well, and cultured in DMEM medium con-
taining 10% fetal bovine serum, 1% penicillin–streptomy-
cin and 5% CO2 for 24 h at 37  °C. After incubating, the 
original medium of DF-1 cells were removed and added 
fresh medium containing FITC@HKUST-1 (10  μg/mL). 
After 4 h of incubation, DF-1 cells were washed with ice 
PBS for three times, and digest with 0.25% trypsin for 
5  min, and then the reaction was terminated with ice 
PBS. DF-1 cells suspension was centrifuged at 2000 rpm 
for 5 min with the temperature of 4 °C to remove super-
natant, and resuspend the cells in ice PBS. The cellular 
uptake of FITC@HKUST-1 was observed through CLSM.

Cell morphology
Primary cell culture medium including 80% insect 
cell culture medium, 10% fetal bovine serum FBS and 
10% phenylthiourea saturated solution, and subculture 
medium including 80% insect cell culture medium and 
20% fetal bovine serum FBS, were ready for the following 
experiment. Under sterile conditions, the well-developed 
MA larvae were soaked in 70% ethanol for 20  min and 
absorbed the ethanol through the sterile absorbent paper. 
Then the insect needle was pierced into larval pronotum, 
and the insect blood cells were taken with a dot capillary. 
The blood cells were put into the primary cell culture 
medium and cultured under aseptic conditions at 27  °C 
for 7 days. After cultivation, the cell culture medium was 
transferred to the subculture medium and continued to 
incubate, and half of the subculture medium was taken 
out and replaced with fresh medium every week. PthII@
HKUST-1, PthII/WE, Free-PthII and nanoHKUST-1 
were added to the subculture medium with same concen-
tration of PthII under aseptic conditions at 27 °C for cul-
tivation. After 3  days of cultivation, the cell suspension 
was diluted with PBS and observed the cell morphology 
with a biological microscope.

Cytotoxicity assessment of PthII@HKUST‑1
DF-1 cells were inoculated into 96-well plates at a den-
sity of 5 × 103 cells/well, and cultured in DMEM medium 
containing 10% fetal bovine serum, 1% penicillin–strep-
tomycin and 5% CO2 for 24  h at 37  °C. After incubat-
ing, the original medium of DF-1 cells were removed 
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and added fresh medium containing PthII@HKUST-1, 
and then PBS, PthII/WE and Free PthII were as control 
groups. Except for the PBS group, PthII/WE and PthII@
HKUST-1 had the same amount of Free PthII. After 4 h 
of incubation, the medium of DF-1 cells were changed 
to the original medium to continue cultivate for 96  h. 
The medium was removed and added 20  µL, 5  mg/mL 
of CCK-8 to incubate for 4 h in the dark. The superna-
tant was removed and added 100 µL DMSO to detect the 
absorbance at 450 nm by a microplate reader. The calcu-
lation formula of cell viability is as follows:

Among them, ASample is the absorbance value of the 
sample group, ABlank is the absorbance value of the blank 
group, and AControl is the absorbance value of the PBS 
group.

Mechanism research of contact toxicity 
and stomachtoxicity
The contact toxicity and stomachtoxicity of PthII@
HKUST-1 were determined by the biopesticide mem-
brane contact method and the feed mixing biopesticide 
method [24, 25]. Firstly, the dispersed PthII@HKUST-1 
solution was placed in a petri dish, and slowly spread 
the filter paper into it to make it completely soaked, 
then turned the filter paper sided down to the top, and 
placed the well-developed larva after starving for 24 h on 
the filter paper to observe the biopesticide intake of the 
larvae’s abdomen. The well-developed 3rd-instar larvae 
were picked and placed on the filter paper, allowing them 
to crawl so that the larval epidermis completely contact 
PthII@HKUST-1 solution. Then the treated MA larvae 
were put in an artificial breeding box of 6  cm3. There 
were 30 larvae under each concentration gradient, and 10 
larvae are a set of repeated group, and the control group 
was treated with water.

Feed mixing biopesticide method: 3  g of artificial 
feed were put into the breeding box, and 1  mL PthII@
HKUST-1 solution was added. The well-developed 3rd-
instar larvae were put into the breeding box. There were 
30 larvae under each concentration gradient, and 10 lar-
vae are a set of repeated group, and the control group 
was treated with water. The breeding boxes were placed 
in a constant temperature incubator with a temperature 
of 26 ± 1 ℃ and a relative humidity (RH) of 65 ± 10%. The 
survival rate of MA larvae was counted at 24 h and 48 h 
after feeding. If the larva did not move when touched 
with a brush. HKUST-1, PthII/WE and Free PthII were 
as control.

[(

ASample − ABlank

)

/(AControl − ABlank)
]

× 100%

Environmental assessment
Preparation of M9 buffer solution: Na2HPO4·12H2O 
(12.1 g), KH2PO4 (2.4 g), NaCl (4.0 g) and MgSO4·7H2O 
was dissolved in 1 L deionized water. Lysate solution: 
NaClO: 2  mol/L NaOH = 2:1 (v/v). The Caenorhabditis 
elegans, the Bristol strain N2 was cultured in inoculated 
Escherichia coli OP50 at 20 ℃. Adult nematodes in the 
egg-laying stage were washed with M9 buffer solution 
into the EP (Eppendorf ) tube, then centrifuged to discard 
the supernatant, and M9 buffer solution was added to 
wash twice. The lysate solution was added and performed 
intermittent shaking fully lyse the nematodes. Then 
the M9 buffer solution was added and washed 3 times 
repeatedly to remove the lysate components. Finally, the 
M9 buffer solution was used to transfer the eggs that set-
tle at the bottom of the centrifuge tube to an empty petri 
dish without medium, and incubated in an incubator at 
20 °C for 12 h to obtain L1 instar larvae.

Before conducting the environmental safety assess-
ment of nanomedicines, we firstly studied the stability 
of HKUST-1 in M9 buffer and also in nematode serum 
considering the stable delivery of HKUST-1 to nema-
todes, fetal bovine serum (FBS) was chosen for mimic-
ing the in vivo serum environment of nematodes. Simply, 
HKUST-1 were dispersed in M9 buffer and 10% FBS 
for 7  days to observe their size changes by DLS detec-
tion. Then, HKUST-1, Free PthII and PthII@HKUST-1 
were dispersed in M9 buffer solution, and mixed with E. 
coli OP50 solution at ratio 1:1 to obtain a culture solu-
tion with final concentrations of 0, 0.001, 0.01, 0.1, 1, 10, 
100 and 1000 μg/mL. The prepared culture medium was 
spread evenly into the petri dish just poured with NGM 
medium and placed in a 37 °C incubator for 1 h. After the 
solution was dry, the petri dish was placed upside down 
and incubated for 11 h. The nematodes that reached L4 
instar after being cultured for 2 days were transferred to 
a medium containing different concentrations of reagent. 
After 24 h of feeding, LC50, body length and width, and 
head swing frequency were measured.

Determination of LC50: different concentrations of rea-
gent (200 μL) were added to the 96-well plate, and then 
30 of L4 nematodes were picked into each well. Each 
concentration treatment was repeated three times. After 
contacting with the agent in the incubator at 20  °C for 
24 h, counted dead nematodes under the microscope to 
calculate the LC50.

Determination of head swing frequency, body bend-
ing frequency and body length and width: the con-
ventional application concentration 20  μg/mL of free 
PthII, HKUST-1 and PthII@HKUST-1 are configured 
to study the effect of three reagent on the body length, 
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width and mobility of C. elegans. In one independent 
experiment, three L4 nematodes with the same activity 
were selected, one infected with Free PthII for 24 h, one 
infected with HKUST-1 for 24 h and one infected with 
PtII@HKUST-1 for 24 h, and then place them on three 
slides dripping with M9 buffer solution (60  μL). Each 
reagent was independently replicated 3 times, and total 
90 nematodes were determined. After 1  min of sta-
ble adaptation, the head swing and body bending fre-
quency of nematode were observed and recorded under 
a microscope within 1 min. The head of the nematode 
swings from one side of the body to the other, and the 
angle > 90° is defined as one head swing. A sine wave 
movement of the nematode relative to the long axis 
of the body is defined as a one body bending. In addi-
tion, the nematode to be tested was anesthetized, then 
observed and photographed with a microscope, and 
the body length and width was measured using Image 
J software.

In‑tree delivery of PthII@HKUST‑1
Although it has been clarified that PthII@HKUST-1 
could effectively kill MA larvae in the direct application 
process, it is still a big problem that cannot be ignored 
whether it can effectively penetrate the bark of the dis-
eased pine into the trunk and spread through the water 
transport. After all, realizing the practical application of 
PthII@HKUST-1 is our core value of preparing nano-
pesticides. As an important evaluation standard, trans-
mission of PthII@HKUST-1 in tree trunks were studied 
in this paper. Experiment base on studying transmis-
sion of PthII@HKUST-1 was is located at Taishan For-
est Area in the city of Tai’an, Shandong Province, China 
(117.06  °E, 36.23  °N). An electric drill was used to drill 
a hole with a diameter of 5 mm and a depth of 4 cm in 
the trunk at a 45-degree angle downward from the 
ground of 30  cm. First, FITC@HKUST-1 was used to 
inject trees and the diseased pine was sawn off after dif-
ferent processing time. The diseased pine was cut into 
small wooden pieces along the direction of the pine pith 
to observe the transmission of FITC@HKUST-1 through 
the small animal image. Second, PthII@HKUST-1 was 
injected with the concentration 1.0  mg/L, 10  mg/L and 
50 mg/L, respectively, and PthII/WE with the same con-
centration as a control. After 3 days, sawdust was taken 
5  cm above the punch at different depths. The method 
of subcritical water was used to extract PthII from wood 
chips. Simply, the sawdust was mixed with deionized 
water and put into a small polytetrafluoroethylene tank, 
then tanked into the reaction kettle and placed in a high-
temperature furnace at 120 ℃ for 30  min. The reaction 
kettle was taken out, and quickly cooled, centrifuged to 

remove the aqueous solution. Sawdust was added metha-
nol and mechanically shaken for 2 min, then centrifuged 
to retain the supernatant, continued to repeat the above 
operation 2 times. The methanol solution was collected 
to measure the content of PthII by an ultraviolet spectro-
photometer. Third, the dead wood was sprayed with the 
concentration 1.0  mg/L, 10  mg/L and 50  mg/L, respec-
tively, and PthII/WE with the same concentration as 
a control. After 3  days, sawdust was taken 5  cm above 
the punch at different depths. The method of subcriti-
cal water was also used to extract PthII from wood chips 
with the same operation method.

Statistical analysis
All experiments in this work were repeated three times, 
and statistical analysis of the data was performed by anal-
ysis of variance (ANOVA), and all the data were subjected 
to normality and homogeneity tests using DPS v 7.05. All 
graphical data are reported as the mean ± standard devi-
ation (SD). Significance levels were set at * p < 0.05.

Results and discussion
Characterization of PthII@HKUST‑1
In this study, nanoHKUST-1 was synthesized by the 
method of coordination at room temperature, and PthII@
HKUST-1 was prepared through adsorption to harvest 
blue powder. Figure 2A was the XRD of PthII@HKUST-1 
and FITC@HKUST-1. It can be seen from the X-ray dif-
fraction pattern that the peak positions of the charac-
teristic peaks of PthII@HKUST-1 and FITC@HKUST-1 
were basically consistent with those of the HKUST-1 
curve, and the intensity of the PthII@HKUST-1 curve 
was similar to that of FITC@HKUST-1 curve, indicating 
that the purity and crystallinity of the sample obtained 
were close to HKUST-1, and Free PthII and FITC did not 
change the structure of HKUST-1 during the process of 
adsorption. From the Langmuir adsorption isotherm 
(Fig. 2B, nitrogen adsorption–desorption) and pore size 
distribution (Fig.  2C) of HKUST-1 that HKUST-1 was 
a microporous structure with a specific surface area of 
322.5 m2/g. HKUST-1 has excellent adsorption proper-
ties because of it’s open unsaturated copper metal sites, 
which brings opportunities for the successful adsorption 
of PthII. The changes in thermal weight loss of PthII@
HKUST-1 with the temperature range of 0–800 ℃ were 
observed through the thermal weight loss curve (Fig. 2D). 
The quality of PthII@HKUST-1 reduced by 24.5% in 
the heating range of 0–238 °C, which may be due to the 
decomposition of PthII (thermally labile compounds). 
The TGA curve of PthII@HKUST-1 was relatively flat 
during the heating range of 238–299 °C, and dropped sig-
nificantly in the heating range of 299–361 °C. The quality 
of PthII@HKUST-1 lost heavily which may be caused by 
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the collapse of the internal structure of the sample from 
299  °C. SEM image of PthII@HKUST-1 was shown in 
Fig. 3A, B, the dynamic diameter of PthII@HKUST-1was 
about 50 nm and uniform particle size, laying the founda-
tion for the next assessment of biopesticide-loaded.

Detection of PthII@HKUST‑1 biopesticide‑loaded
The calibration curve of PthII was linear in the concen-
tration range of 8–80  μg/mL, the regression equation 
was y = 0.0118x + 0.0106, and the correlation coefficient 
was 0.9996 (Fig.  3C). Generally speaking, the biopesti-
cide loading capacity directly affects the field application 
dose of pesticides. The larger the biopesticide loading 
efficiency, the easier it is to meet the needs in field [26]. 
NanoHKUST-1 powder was dispersed in different con-
centrations of PthII ethanol solutions and drawn pictures 
according to the relationship between loading efficiency 
and PthII concentration. The loading efficiency gradu-
ally increased with the enhanced concentrations of PthII, 
and the loading efficiency reached 85% when the concen-
trations of PthII were 5  mg/mL (Fig.  3D). However, the 

biopesticide loading rate unchanged after continuing 
to increase the concentration of PthII, suggesting that 
nanoHKUST-1 has reached exhaustion adsorption.

Release performance of PthII@HKUST‑1
The difference in release performance of biopesticide can 
greatly affect the control effect of pesticides in the field. 
Extending the slow release of pesticides can reduce the 
frequency of pesticide application, and reduce large-scale 
environmental pollution caused by one-time release, and 
then achieve long-term effective prevention and control 
of target organisms [27]. This study simulated the envi-
ronmental temperatures and pH values common in agri-
culture and forestry to explore the release performance 
of PthII@HKUST-1. First, the release performance of 
PthII@HKUST-1 at different temperatures was explored 
(Fig. 4A), the release of PthII@HKUST-1 belonged to the 
first-order release equation, and the fitting equation was 
Mt = 82.47(1-e-0.21t), the cumulative release exceeded 
15 d, and the total cumulative release exceeded 90%. In 
contrast, PthII/WE treatment group suggest no sustained 
release properties, and the total release reached 88.4% 

Fig. 2  The XRD of simulated HKUST-1, HKUST-1 and PthII@HKUST-1 (A); BET (B), mesoporous distribution (C) and TGA (D) of HKUST-1
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in just one day. Compared with the current traditional 
PthII/WE, PthII@HKUST-1 had a more stable release 
and could be used to continuously control pests. In addi-
tion, it could be seen that under different temperature 
conditions, the release rate had changed. The higher the 
temperature, the faster the release rate. The release rate at 

35 °C was faster than 25 °C and 15 °C, but the total cumu-
lative release had no significant change, indicating that 
the release process of temperature in PthII@HKUST-1 
must be considered. Otherwise, the cumulative release of 
pH 5.0 (91.9%) was higher than pH 7.0 (83.5%) and pH 
9.0 (75.3%), suggesting that the acid and alkali condition 

Fig. 3  The SEM image (A) of PthII@HKUST-1, and magnified image (B); C The standard curve of PthII; D The loading efficiency of PthII@HKUST-1 and 
picture of PthII@HKUST-1

Fig. 4  A The release curve of PthII@HKUST-1 with 15 °C, 25 °C and 35 °C under pH of 5.0, 7.0 and 9.0, and PthII@WE as a control; B The retention rate 
of Free PthII, PthII/WE and PthII@HKUST-1 with pH of 5.0, 7.0 and 9.0 after being exposed to ultraviolet light
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of the soil was also a crucial factor for the controlled 
release of PthII@HKUST-1. At the same time, as a natural 
extract, PthII are unstable to acid, alkali, and light, which 
is the main reason why PthII is so noticeable and power-
less. While nanoHKUST-1 effectively protects PthII from 
environmental interference. Whether the release is in line 
with expectations is an important indicator of the formu-
lation process screening (Fig. 4B). Usually, multiple appli-
cations are often required to achieve the desired control 
effect due to the short release time of current commercial 
formulations, which leads to waste of active ingredients 
and increased costs. Under different temperature and pH 
conditions, PthII@HKUST-1 had a stable release process 
with a long release period and a high cumulative total 
release. Therefore, it is considered that PthII@HKUST-1 
have a good release performance under common natural 
environments to achieve continuous prevention and con-
trol of harmful organisms. Therefore, the development of 
PthII@HKUST-1 is of great significance for reducing the 
pressure of agriculture on the environment and reducing 
the amount of traditional pesticides [28].

Photodegradability of PthII@HKUST‑1
It is necessary to consider the anti-photolysis effect of 
nanoHKUST-1 on the Pth II when preparing PthII@
HKUST-1. The retention curve of PthII exposed to 
ultraviolet light clarified the protective effect of PthII@
HKUST-1 on PthII (Fig. 4B). Obviously, the retention rate 
of PthII gradually decreased with the extension of the 
treatment time, and PthII@HKUST-1 (pH 9.0) > PthII@
HKUST-1 (pH 5.0) > PthII@HKUST-1 (pH 7.0) > PthII/
WE > Free PthII. The photodegradability of Free PthII 
(retention 2.59%) and PthII/WE (retention 6.51%) was far 
greater than that of PthII@HKUST-1 (pH 7.0, retention 
60.9%), meaning that the nanoHKUST-1 had a positive 
effect on the anti-photolysis of PthII. The retention rate 
of PthII in the pH 7.0 and pH 9.0 was higher than that 
in the pH 5.0, implying that photodegradability of PthII@
HKUST-1 depended on pH. The weak degradation of 
nanoHKUST-1 under acidic conditions promoted the 
release of PthII with the prolongation of the treatment 
time, and increased the photolysis rate, and then reduced 
the retention rate of PthII. The excellent anti-photolysis 
performance of PthII@HKUST-1 was mainly attributed 
to its porous structure, and PthII was absorbed on the 
pores inside nanoHKUST-1 during the preparation of 
PthII@HKUST-1, which naturally shielded the exposure 
of ultraviolet light.

Biodistribution and cellular uptake
In order to further verify the biodistribution of PthII@
HKUST-1 to MA larvae, FITC-labeled nanoHKUST-1 
were used for fluorescence test. Fluorescent microscope 

and SEM were used to explore the coverage, permeabil-
ity and adhesion of PthII@HKUST-1 on the larval epi-
dermis. Figure  5A was the MA larvae that treated with 
FITC@HKUST-1. Under the dark field excitation light 
of 488 nm, it was clearly observed that the morphology 
of MA larvae was successfully labeled with fluorescence 
(Fig.  5B), and there was fluorescence distributed on the 
entire epidermal structure of the larvae, especially in 
the folds, where the fluorescence was intensified, mean-
ing that nanoHKUST-1 could be transferred to subcuta-
neous tissue through the body wall from the epidermis 
to the and be enriched in the body. After crawling for a 
period of time, the fluorescence did not fall off, indicat-
ing that FITC@HKUST-1 was of good adhesion on the 
larval epidermis. There were a large number of fluores-
cent particles distributed around the valve on both sides 
of the larva. As we all know, the respiration of insect lar-
vae mainly depends on the larval stigma, followed by the 
body wall, so we enlarged the larval stigma of the MA 
larva to observe whether there is fluorescence distribu-
tion (Fig. 5C, D). As we expected, the larval stigma of the 
MA larva was enriched with fluorescence and spread to 
the depths when MA larva breathed followed by the valve 
stigma opened and close. We speculated that these larval 
stigmas would be the main channel for FITC@HKUST-1 
to enter the body of larvae. It also confirmed that FITC@
HKUST-1 was of good permeability and passed through 
the epidermal structure in a very short time, implying 
that PthII@HKUST-1 could effectively achieve contact 
toxicity. This speculation will be verified in the toxicity 
mechanism of PthII@HKUST-1. In addition, through 
observing the cross-sectional fluorescence distribution 
of the MA larva, the intestinal and dorsal blood vessels 
inside were clearly observed from Fig.  5E, revealing the 
fact that FITC@HKUST-1 was delivered from the body 
wall to the body tissue. The dissected intestine also fully 
confirmed this point (Fig. 5F). However, can MA larvae 
that feed with FITC@HKUST-1 reach to the intestine 
smoothly without being quickly digested by the stom-
ach? The intestine of MA larvae was observed after dis-
section through a fluorescence microscope, and it was 
noticed that the intestine showed an enhanced distribu-
tion of green fluorescence, which indicated that biopes-
ticide delivery from the stomach to the intestine could be 
achieved by feeding. In order to further observe the dis-
tribution of fluorescence inside the intestine, the cross-
section of the intestine was sliced. From Fig.  5G, there 
was obvious fluorescence inside the cecum of MA larvae, 
and the outline was clearly visible, which provided a basis 
for the delivery of PthII.

Why can FITC@HKUST-1 play the role of contact 
toxicity and stomachtoxicity to MA larvae at the same 
time? Why can FITC@HKUST-1 continue to maintain 
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the fluorescence intensity or efficacy? Why is FITC@
HKUST-1 not digested in the stomach? This series of 
questions may come to the readers clearly. The answer 
to these questions may be explained why nanoHKUST-1 

can efficiently realize the biological distribution in 
the MA larvae. From the previous release research, 
nanoHKUST-1 has sustained release performance 
under weak acid and weak alkali. Its sustained release 

Fig. 5  A Picture of FITC@HKUST-1 and MA larva after treatment with FITC@HKUST-1; B Body wall fluorescence distribution of MA larvae by SLM, 
and magnified image of larval stigma on the left (C) and right sides (D); E Fluorescence distribution of the middle cross section of MA larva; F Bright 
field image and fluorescence distribution image of the midgut cross section; G Bright field image and fluorescence distribution image of the cecum 
cross section; H The cellular uptake of FITC@HKUST-1 to DF-1 cells (green), DAPI stains the nucleus (blue), and merge image; I The uptake rate of 
FITC@HKUST-1 was detected by flow cytometry; J Fluorescence distribution of pine wood nematode after treatment with FITC@HKUST-1
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is based on the degradation of nanoHKUST-1, which 
can answer the second and third questions. Moreover, 
because of the particle size advantage of nanoHKUST-1 
(50 nm), makes it easily penetrate the body wall of MA 
larvae and transmit to tissue cells. This phenomenon 
can be further proved from Fig. 5H. We used avian DF-1 
cells as model cells and observed the uptake of FITC@
HKUST-1 on cells through CLSM. FITC@HKUST-1 was 
fully adsorbed to the cell surface and exhibited enhanced 
fluorescence uptake. The uptake rate of cells detected by 
flow cytometry was as high as 90–100% (Fig. 5I). It was 
obvious that nanoHKUST-1 extremely promoted the 
delivery and sustained release of PthII in MA larvae. Fur-
thermore, FITC@HKUST-1 treated BX also observed 
satisfactory fluorescence distribution (Fig.  5J), BX was 
adhered a large amount of FITC@HKUST-1, indicating 
that nanoHKUST-1 can penetrate BX epidermal cells 
into the body.

Furthermore, the process of PthII@HKUST-1 pass-
ing through the epidermis into the larval body was 
observed by SEM (Fig.  6). The untreated larval epider-
mis structure was wrinkled and coarse after magnificatio, 
which brought conditions for the attachment of PthII@
HKUST-1 (Fig. 6A1–A3). PthII@HKUST-1 was adhered 
to the larval epidermis after treatment (Fig.  6B1–B3), 
which not only covered a wide range, but also did not fall 
off after moving. PthII@HKUST-1 could be well embed-
ded in the texture structure on the larval epidermis and 
were not easy to fall off. As the treatment time increased, 
it could be clearly observed that PthII@HKUST-1 on 
the larval epidermis gradually decreased (Fig. 6C1–D3), 
which mainly due to the ability of penetrated the epider-
mal structure and entered the larval body. A little PthII@
HKUST-1 could be observed to adhere to the larval epi-
dermis, which indicated that PthII@HKUST-1 might 
pass through the larval epidermal structure and got into 
the larval body (Fig. 6E1–F3).

Cell morphology
Due to effective cell uptake of PthII@HKUST-1, it could 
increase the cytotoxicity and exert the bioactivity [29, 
30]. The effects of PthII@HKUST-1, PthII/WE, Free PthII 
and HKUST-1 on cell morphology were explored. As can 
be seen in Fig.  7A, normal blood cells of insects were 
nearly round rich in cytoplasm and the cell structure was 
intact without rupture. The larval blood cells treated with 
HKUST-1 had no obvious changes in morphology and 
still maintained a complete cell structure (Fig. 7B). After 
treated with PthII/WE and Free PthII, most parts of cells 
morphology had not changed, and only a small num-
ber of cells ruptured (Fig. 7C, D). However, after treated 
with PthII@HKUST-1, the cell morphology significantly 
changed (Fig. 7E). There were almost no complete blood 

cells, and the cells seriously deformed and ruptured. 
With the increasing cell uptake of PthII@HKUST-1, the 
cytotoxicity of PthII also enhanced, thereby causing sig-
nificant changes in cell morphology.

Cytotoxicity assessment of PthII@HKUST‑1
In order to verified the above conclusions, the cyto-
toxicity of PthII@HKUST-1, PthII/WE, Free PthII and 
HKUST-1 was measured the in  vitro (Fig.  7F). With 
the increasing of the concentration, the cytotoxicity of 
HKUST-1 was low and less than 10%. Compared with the 
PthII/WE and Free PthII, the cell cytotoxicity of PthII@
HKUST-1 was the highest at the same concentration. 
When the concentration was 1  μg/mL, the apoptosis 
rate of PthII@HKUST-1, PthII/WE and Free PthII were 
17.07%, 11.05% and 8.56%, respectively. The apoptosis 
rate of the PthII@HKUST-1 treatment group was 1.9 
times that of the Free PthII. When the concentration of 
16 μg/mL, the apoptosis rate of PthII@HKUST-1, PthII/
WE and Free PthII were 97.37%, 87.17%, and 79.13%, 
respectively, and the gap was significantly reduced. In 
summary, PthII@HKUST-1 can effectively enhance the 
cytotoxicity and utilization of PthII, which will provide 
valuable research value for the application of typical 
plant-derived nerve agents in the prevention and control 
of forestry pests.

Mechanism research of contact toxicity 
and stomachtoxicity
Contact toxicity refers to the pesticide entering the pest 
body by contacting the epidermis of the insects to exert 
its activity [31]. Due to the poor dispersion of traditional 
formulations, and the unsatisfactory coverage, permea-
bility and adhesion, the active ingredients could not reach 
the site of action through the larval epidermis, resulting 
in unsatisfactory contact toxicity [32]. Stomachtoxic-
ity refers to that the pesticide enters the body through 
the mouthparts of pest and exerts its activity during the 
feeding process [31]. However, the limited life of active 
ingredients, which results in the failure to reach the lar-
val intestine efficiently and to be absorbed by pest [33]. 
Mechanism research of contact toxicity and stomachtox-
icity of PthII@HKUST-1 was shown in scheme Fig. 8. The 
enhancement of PthII@HKUST-1 for contact toxicity and 
stomach toxicity was researched at the individual level, 
the data of which was listed in Fig. 9. The corrected mor-
tality of HKUST-1 was the lowest among the four treat-
ment groups whether the mode of action was contact 
toxicity or stomach toxicity. At the highest concentra-
tion, the corrected mortality was about 9.1%, indicating 
that the carrier has a low lethality rate to larvae. After 
24 and 48  h treatment under the five concentrations, 
the contact toxicity of PthII@HKUST-1 had the highest 
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lethality rate, followed by PthII/WE and PthII (Fig.  9A, 
B). The lethality rate of the PthII@HKUST-1 treatment 
group was increased by 2.4 times after treating with 5 μg/
mL, while the contact toxicity was increased by 1.2 times 

after treating with 80 μg/mL, which was consistent with 
the in vitro cytotoxicity. The stomachtoxicity was consist-
ent with results of the contact toxicity (Fig. 9C, D). The 
PthII@HKUST-1 had the highest corrected mortality of 

Fig. 6  The SEM images of larval epidermis (A1–A3), the SEM images of larval epidermis treated by PthII@HKUST-1 for 1 h (B1–B3), 2 h (C1–C3), 3 h 
(D1–D3), 4 h (E1–E3), and 5 h (F1–F3)
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25.6%, 36.7%, 58.9%, 73.3%, and 95.6%, respectively, and 
the average toxicity increased by 1.62 times. The lethal-
ity rate of the stomachtoxicity was higher than contact 
toxicity. In general, the prepared PthII@HKUST-1can 
effectively improve the contact toxicity and stomachtox-
icity of PthII. PthII@HKUST-1 has a good dispersibility 
and efficiently delivers PthII to the larval intestines and 
absorbed by the larvae. After entering the larvae, PthII@
HKUST-1could effectively increase the cell uptake rate, 
thereby increasing cytotoxicity.

Environment assessment
Benefiting from the advantages of Caenorhabditis elegans 
has short life cycle, complete genome, easy reproduction, 
etc., it was often used to assess the acute toxicity and 
lethal effects of heavy metals, organics and pesticide, and 
was widely used in environmental assessments such as 
soil and wastewater [34, 35]. The model organism C. ele-
gans was as the object to initially assess the impact of car-
rier on the environment. It can be seen from Fig. 10A, the 
size of HKUST-1 has little change in M9 buffer and 10% 

Fig. 7  The normal blood cell (A) of MA larva, the cellular morphology after treated by HKUST-1 (B), Free PthII (C), PthII/WE (D), and PthII@HKUST-1 
(E); F The cell death rate in different concentrations of HKUST-1, Free PthII, PthII/WE, and PthII@HKUST-1, data in the figure are mean ± SD of three 
replications (n = 3), different letters indicate significant differences (ANOVA, p < 0.05)
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FBS within 7  days, indicating that HKUST-1 have good 
stability in M9 buffer and 10% FBS and can be used for 
environmental assessment. The acute toxicity test result 
showed that the LC50 of PthII@HKUST-1 to C. elegans 
was 806.82 μg/mL, which implied very low in acute tox-
icity. The effect on the body length, width and mobility 
of C. elegans under the conventional application concen-
tration of 20 μg/mL were explored. As shown in Fig. 10B, 
there was no change in the body shape of C. elegans after 
PthII@HKUST-1 treatment, and there was no significant 
difference in body length and width from the PthII@
HKUST-1 treatment.

At the same time, the body bending frequency and 
head swing frequency of the HKUST-1 treatment group 

were slightly higher than that of the PthII@HKUST-1 
treatment group, but the difference was not significant. 
The above results showed that PthII@HKUST-1 treat-
ment has no effect on the body shape and activity abil-
ity of C. elegans, and it could be considered that PthII@
HKUST-1 was an environmentally safe carrier material. 
There are reports on the application of HKUST-1 to the 
development of medical drugs [36], but the impact of 
HKUST-1 on the environment has not been clarified. 
There was no effect of HKUST-1 and PthII@HKUST-
1on the important soil model microorganism C. elegans 
at regular concentrations, and was safe for soil microor-
ganisms. It could be considered for the development of 
chemical pesticide carriers.

Fig. 8  Toxicity mechanism studies of PthII@HKUST-1. A Contact toxicity and B stomach toxicity
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Fig. 9  The contact toxicity in different concentrations of PthII@HKUST-1 at 24 h (A), 48 h (B), and the stomach toxicity at 24 h (C), 48 h (D). Data in 
the figure are mean ± SD of three replications (n = 3), different letters indicate significant differences (ANOVA, p < 0.05)

Fig. 10  A Size stability of HKUST in M9 buffer and 10% FBS for 7 days; B the relevant parameters of C. elegans after Free-PthII, HKUST-1 and PthII@
HKUST-1 treatment with concentration of 20 μg/mL, data in the figure are mean ± SD of ten replications (n = 10), ns indicate no significant 
differences (ANOVA, p > 0.05)
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Transport efficiency
Because the outer epidermis of the tree is dead tissue, it 
is composed of keratinized cells, produced by cork cam-
bium. Cork is the main component of the outer layer of 
the bark, which can insulate moisture and gas from pass-
ing through, protect the tree, and is a natural barrier for 
chemical control. Therefore, we deliver nano-biopesticide 
into the tree by injection. PthII@HKUST-1 was designed 
to control BX and its vector insect MA, and the trans-
portation efficiency in the pine tree trunk would directly 
affect its application prospects. As shown in Fig.  11, At 
the same concentration, the transmission efficiency 
of PthII@HKUST-1 is significantly higher than that of 
PthII/WE. At the same concentration, the transmission 
efficiency of PthII@HKUST-1 was significantly higher 
than that of PthII/WE. The higher the concentration of 
PthII@HKUST-1, the higher the concentration of the 
biopesticide reaching the pith. PthII@HKUST-1 could 
be transmitted to the tree pith at a low concentration 
of 10 mg/L with the transport of water, while it is obvi-
ously difficult for PthII/WE to reach the tree pith. This 
phenomenon can be further verified from Fig.  12. We 
introduced FITC@HKUST-1 (equivalent mass of FITC 
and PthII, 20  mg/L, 100  mL) into the tree by punch 
injection, and achieved the delivery of nano-pesticide 
through water transport in the tree. Compared to tree 
trunks injected with water (Fig. 12A), the strong fluores-
cence distribution was observed by peeling off the bark 
(Fig.  12B), and fluorescence intensity decreases gradu-
ally along the pith direction (Fig. 12C). However, with the 
extension of the delivery time, we unexpectedly found 

that the fluorescence at the pith began to be enriched 
(Fig. 12D). What is the reason for this phenomenon? We 
speculated that the rate of water transport along the pith 
was different, the closer to the pith tree, the faster the 
water transport, and the greater of the biopesticide con-
centration difference between inside and outside, which 
lead to the continuous transport of FITC@HKUST-1 to 
the pith. This will also inhibit the irreversible damage 
caused by the migration of nematodes to the middle of 
the tree, indicating that PthII@HKUST-1 will effectively 
protect the main part of the tree from pests. In addition, 
the fluorescence distribution of the cross-sectional view 
of the trunk can observe the vertical and horizontal dis-
tribution of FITC@HKUST-1 (Fig.  12E). The treatment 
of dead wood was also very important during transpor-
tation. In this article, PthII@HKUST-1 was injected into 
the dead wood and sprayed PthII@HKUST-1 (adhesion 
of nanoparticles) on the bark surface to seal the dead 
wood. It can be seen from Fig. 13 that PthII@HKUST-1 
could also be transmitted in dead wood. However, the 
transmission efficiency in dead wood at the same con-
centration was much lower than that of epidemic wood, 
and the same was true for PthII/WE transmission. This 
phenomenon can be understood as the basic stagnation 
of the water transport in the dead wood, the delivery of 
PthII@HKUST-1 was blocked, and efficient diffusion 
cannot be achieved in the dead wood, and the only water 
remaining in the dead wood was provided for the deliv-
ery of PthII@HKUST-1 effective support, which was also 
based on the good diffusion performance of HKUST-1 to 
promote the further transmission of PthII@HKUST-1.

Fig. 11  The content of PthII in the 1–4 layers of the pine trunk changes after injecting with PthII@HKUST-1, and PthII/WE as a control
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Conclusions
In summary, we put forward a proposal for utilizing 
PthII@HKUST-1 on prevention and control pine wood 
nematode and vector insect MA, including toxicity 
mechanism research, traceable biopesticide monitor-
ing, and environment assessment for the first time. In 
order to solve the problems of poor water solubility, 
easy degradation and low control efficiency of PthII, 
the highly biocompatible material nanoHKUST-1 was 

used as a carrier for embedding PthII (biopesticide 
loading efficiency reached 85%) to prepare controlled 
release nano-pesticides. The particle size advantage of 
nanoHKUST-1 (50  nm) made it easily penetrate the 
body wall of MA larvae and transmit to tissue cells 
through contact and diffusion. In addition, PthII@
HKUST-1 can effectively enhance the cytotoxicity and 
utilization of PthII, which will provide valuable research 
value for the application of typical plant-derived nerve 

Fig. 12  Tree trunks injected with water (A), fluorescence distribution of pine trunk after peeling off the bark (B), fluorescence intensity along the 
pith direction after 5 h (C), fluorescence intensity along the pith direction after 24 h (D), and fluorescence distribution of the cross-sectional view of 
the trunk after 24 h (E)
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agents in the prevention and control of forestry pests. 
Moreover, PthII@HKUST-1 could be transmitted to the 
epidemic wood and dead wood at a low concentration. 
We speculate that the multifunctional designed PthII@
HKUST-1 will initiate new curiosity and enthusiasm 
in studying the uptake/inhibition mechanism of pine 
wood nematode and vector insects, and guide specific 
target genes. This will break through the limitations of 
existing research on pine wilt disease and related for-
estry pests.

Author contributions
CZ, LQ, HL and JL contributed to conception. YL and YJ contributed to study 
design. GW, YQ and LC contributed to data acquisition. CJ provided the test 
sites in forest. YL contributed to original writing. YJ, CZ a contributed to review 
and editing. All authors read and approved the final manuscript.

Funding
This study was supported by the Shandong Agricultural Science and Tech-
nology Innovation (Forestry Science and Technology Innovation) Project 
(2019LY003).

Availability of data and materials
All data generated or analyzed during this are included in this published 
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
All authors declare that they have no competing interests.

Author details
1 College of Plant Protection, Shandong Agricultural University, Tai’an 271018, 
Shandong, China. 2 Shandong Research Center for Forestry Harmful Biological 

Control Engineering and Technology, Shandong Agricultural University, 
Tai’an 271018, Shandong, China. 3 Taishan Scenery and Scenic Spot Area Man-
agement Committee, Tai’an 271018, Shandong, China. 4 Beijing Key Laboratory 
of Lignocellulosic Chemistry, College of Material Science and Technology, 
Beijing Forestry University, Beijing 100083, China. 

Received: 23 November 2021   Accepted: 3 April 2022

References
	1.	 Javal M, Roques A, Haran J, Hérard F, Keena M, Roux G. Complex invasion 

history of the Asian long-horned beetle: fifteen years after first detec-
tion in Europe. J Pest Sci. 2019;92(2):933–4. https://​doi.​org/​10.​1007/​
s10340-​017-​0931-3.

	2.	 Goftishu M, Assefa Y, Niba A, Fininsa C, LeRu BP. Diversity and abundance 
of lepidopteran stem borers and their host plants in Ethiopia. J Appl 
Entomol. 2018;142(4):437–49. https://​doi.​org/​10.​1111/​jen.​12489.

	3.	 Kim N, Jeon HW, Mannaa M, Jeong SI, Kim J, Kim J, Lee C, Park AR, Kim 
JC, Seo YS. Induction of resistance against pine wilt disease caused by 
Bursaphelenchus xylophilus using selected pine endophytic bacteria. Plant 
Pathol. 2019;68(3):434–44. https://​doi.​org/​10.​1111/​ppa.​12960.

	4.	 Teale SA, Wickham JD, Zhang FP, Su J, Chen Y, Xiao W, Hanks LM, Millar JG. 
A male-produced aggregation pheromone of Monochamus alternatus 
(Coleoptera: Cerambycidae), a major vector of pine wood nematode. J 
Econ Entomol. 2011;104(5):1592–8. https://​doi.​org/​10.​1603/​EC110​76.

	5.	 Wu YX, Wickham JD, Zhao LL, Sun JH. CO2 drives the pine wood nema-
tode of its insect vector. Curr Biol. 2019;29(13):619–20. https://​doi.​org/​10.​
1016/j.​cub.​2019.​05.​033.

	6.	 Gauthier S, Symon C, Clanet D. Quéré, Water impacting on superhydro-
phobic macrotextures. Nat Commun. 2015;6:8001. https://​doi.​org/​10.​
1038/​ncomm​s9001.

	7.	 Jasovsk D, Resistance LW. Antibiotic and pesticide susceptibility and the 
Anthropocene operating space. Nat Sustain. 2018;1:632–41. https://​doi.​
org/​10.​1038/​s41893-​018-​0164-3.

	8.	 Selvakumar G, Panneerselvam P, Ganeshamurthy AN, Selvakumar G, 
Ganeshamurthy AN. Diversity utility and potential of actinobacteria in 
the agro-ecosystem. Bacterial Diversity in Sustainable Agriculture. 2014. 
https://​doi.​org/​10.​1007/​978-3-​319-​05936-5_2.

	9.	 Raliya R, Saharan V, Dimkpa C, Biswas P. Nanofertilizer for precision and 
sustainable agriculture: current state and future perspectives. J Agr Food 
Chem. 2017;66(26):6487–503. https://​doi.​org/​10.​1021/​acs.​jafc.​7b021​78.

Fig. 13  The content of PthII in the 1–4 layers of the dead wood after injecting with PthII@HKUST-1, and PthII/WE as a control

https://doi.org/10.1007/s10340-017-0931-3
https://doi.org/10.1007/s10340-017-0931-3
https://doi.org/10.1111/jen.12489
https://doi.org/10.1111/ppa.12960
https://doi.org/10.1603/EC11076
https://doi.org/10.1016/j.cub.2019.05.033
https://doi.org/10.1016/j.cub.2019.05.033
https://doi.org/10.1038/ncomms9001
https://doi.org/10.1038/ncomms9001
https://doi.org/10.1038/s41893-018-0164-3
https://doi.org/10.1038/s41893-018-0164-3
https://doi.org/10.1007/978-3-319-05936-5_2
https://doi.org/10.1021/acs.jafc.7b02178


Page 20 of 20Liu et al. Journal of Nanobiotechnology          (2022) 20:183 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	10.	 Nuruzzaman M, Rahman MM, Liu Y, Naidu R. Nanoencapsulation, Nano-
guard for pesticides: a new window for safe application. J Agr Food 
Chem. 2016;64(7):1447–83. https://​doi.​org/​10.​1021/​acs.​jafc.​5b052​14.

	11.	 Zhang SG, Yang YC, Tong ZH, Gao B, Gao N, Shen TL, Wan YS, Yu Z, Liu 
L, Ma XX, Guo YL, Fugice J, Li YC. Self-assembly of hydrophobic and 
self-healing bio-nanocomposite-coated controlled release fertilizer. ACS 
Appl Mater Inter. 2020;12(24):27598–606. https://​doi.​org/​10.​1021/​acsami.​
0c065​30.

	12.	 Li BX, Wang W, Zhang X, Zhang D, Ren Y, Gao Y, Mu W, Liu F. Using 
coordination assembly as the microencapsulation strategy to promote 
the efficacy and environmental safety of pyraclostrobin. Adv Funct Mater. 
2017;27:1701841. https://​doi.​org/​10.​1002/​adfm.​20170​1841.

	13.	 Sadeghi I, Asatekin A. Membranes with functionalized nanopores for 
aromaticity-based separation of small molecules. ACS Appl Mater Inter. 
2019;11(13):12854–62. https://​doi.​org/​10.​1021/​acsami.​9b000​90.

	14.	 Zhu Z, Shao C, Guo Y, Feng J, Chen C, Yang H. Facile pathway to generate 
agrochemical nanosuspensions integrating super-high load, eco-friendly 
excipients, intensified preparation process, and enhanced potency. Nano 
Res. 2021;14:2179–87. https://​doi.​org/​10.​1007/​s12274-​020-​3177-y.

	15.	 Kah M, Kookana RS, Gogos A, Bucheli TD. A critical evaluation of 
nanopesticides and nanofertilizers against their conventional ana-
logues. Nat Nanotechnol. 2018;13:677–84. https://​doi.​org/​10.​1038/​
s41565-​018-​0131-1.

	16.	 Zhao K, Wang B, Zhang C, Guo Y, Ma Y, Li Z, Wu T, Bao Z, Gao Y, Du F. Cat-
echol functionalized hat-shape carriers for prolonging pesticide retention 
and flush resistance on foliage. Chem Eng J. 2020;420:127689. https://​doi.​
org/​10.​1016/j.​cej.​2020.​127689.

	17.	 Xu X, Bai B, Wang H, Suo Y. A near-infrared and temperature-responsive 
pesticide release platform through core-shell polydopamine@PNIPAm 
nanocomposites. ACS Appl Mater Inter. 2017;9(7):6424–32. https://​doi.​
org/​10.​1021/​acsami.​6b153​93.

	18.	 Su CY, Ji YC, Liu SS, Gao SK, Cao SH, Xu XY, Zhou CG, Liu YX. Fluorescence-
labeled abamectin nanopesticide for comprehensive control of pine-
wood nematode and Monochamus alternatus Hope. ACS Sustain Chem 
Eng. 2020;8:16555–64. https://​doi.​org/​10.​1021/​acssu​schem​eng.​0c057​71.

	19.	 Yang J, Yang YW. Metal-organic frameworks for biomedical applications. 
Small. 2020;16(10):1906846. https://​doi.​org/​10.​1002/​smll.​20190​6846.

	20.	 Hu Y, Dai L, Liu D, Du W, Wang Y. Progress & prospect of metal-organic 
frameworks (MOFs) for enzyme immobilization (enzyme/MOFs). Renew 
Sust Energ Rev. 2018;91:793–801. https://​doi.​org/​10.​1016/j.​rser.​2018.​04.​
103.

	21.	 Chen M, Du Y, Zhu G, Takamatsu G, Ihara M, Matsuda K, Zhorov BS, 
Dong K. Action of six pyrethrins purified from the botanical insecticide 
pyrethrum on cockroach sodium channels expressed in Xenopus oocytes. 
Pestic Biochem Phys. 2018;151:82–9. https://​doi.​org/​10.​1016/j.​pestbp.​
2018.​05.​002.

	22.	 Stephane D, Julien B, Sebastien M, Morteza Z, Vincent C. Pyrethrum: a 
mixture of natural pyrethrins has potential for malaria vector control. J 
Med Entomol. 2009;46(3):516–22. https://​doi.​org/​10.​1603/​033.​046.​0316.

	23.	 Li Y, Zhou M, Pang Y, Qiu X. Lignin-based microsphere: preparation and 
performance on encapsulating the pesticide avermectin. ACS Sustain 
Chem Eng. 2017;5:3321–8. https://​doi.​org/​10.​1021/​acssu​schem​eng.​
6b031​80.

	24.	 Wang Y, Dai P, Guo S, Cao J, Pang X, Geng Z, Sang Y, Du S. Supercritical 
carbon dioxide extract of Cinnamomum cassia bark: toxicity and repel-
lency against two stored-product beetle species. Environ Sci Pollut R. 
2018;25(22):22236–43. https://​doi.​org/​10.​1007/​s11356-​018-​2342-2.

	25.	 Ortego López-Olguı́n FJ, Ruı́z M, Castañera P. Effects of toxic and deter-
rent terpenoids on digestive protease and detoxication enzyme activities 
of colorado potato beetle larvae. Pestic Biochem Phys. 1999. https://​doi.​
org/​10.​1006/​pest.​1998.​2386.

	26.	 Scher HB, Rodson M, Lee KS. Microencapsulation of pesticides by inter-
facial polymerization utilizing isocyanate or aminoplast chemistry. Pestic 
Sci. 1998;54:394–400. https://​doi.​org/​10.​1002/​(SICI)​1096-​9063(199812)​
54:4%​3c394::​AID-​PS829%​3e3.0.​CO;2-S.

	27.	 Yan L, Qin Y, Liu S, Xing R, Yu H, Li K, Li P. Preparation, characterization, 
and insecticidal activity of avermectin-grafted-carboxymethyl chitosan. 
Biomed Res Int. 2016. https://​doi.​org/​10.​1155/​2016/​98056​75.

	28.	 Palardy N, Centner TJ. Improvements in pesticide drift reduction technol-
ogy (DRT) call for improving liability provisions to offer incentives for 

adoption. Land Use Policy. 2017;69:439–44. https://​doi.​org/​10.​1016/j.​
landu​sepol.​2017.​08.​022.

	29.	 Asharani PV, Mun GLK, Hande MP, Valiyaveettil S. Cytotoxicity and geno-
toxicity of silver nanoparticles in human cells. ACS Nano. 2009;3(2):279–
90. https://​doi.​org/​10.​1021/​nn800​596w.

	30.	 Hu W, Peng C, Lv M, Li X, Zhang Y, Chen N, Fan C, Huang Q. Protein 
corona-mediated mitigation of cytotoxicity of graphene oxide. ACS Nano. 
2011;5(5):3693–700. https://​doi.​org/​10.​1021/​nn200​021j.

	31.	 Zhao X, Cui H, Wang Y, Sun C, Cui B, Zeng Z. Development strategies and 
prospects of nano-based smart pesticide formulation. J Agr Food Chem. 
2018;66(26):6504–12. https://​doi.​org/​10.​1021/​acs.​jafc.​7b020​04.

	32.	 Lossbroek TG, Ouden HD. Tests with a solid solution of permethrin in 
a degradable polymer formulation as stomach and contact poison on 
Mamestra brassicae (Lepidoptera: Noctuidae) and Calandra granaria 
(Coleoptera Curculionidae). J Appl Entomol. 1988;105:355–9. https://​doi.​
org/​10.​1111/j.​1439-​0418.​1988.​tb001​97.x.

	33.	 Luo J, Huang X, Jing T, Zhang D, Li B, Liu F. Analysis of particle size regulat-
ing the insecticidal efficacy of phoxim polyurethane microcapsules on 
leaves. ACS Sustain Chem Eng. 2018;6:17194–203. https://​doi.​org/​10.​
1021/​acssu​schem​eng.​8b045​67.

	34.	 Anderson GL, Boyd WA, Williams PL. Assessment of sublethal endpoints 
for toxicity testing with the nematode Caenorhabditis elegans. Environ 
Toxicol Chem. 2001;20(4):833–8. https://​doi.​org/​10.​1002/​etc.​56202​00419.

	35.	 Dhawan R, Dusenbery DB, Williams PL. A comparison of metal-induced 
lethality and behavioral responses in the nematode Caenorhabditis 
elegans. Environ Toxicol Chem. 2010;19(12):3061–7. https://​doi.​org/​10.​
1002/​etc.​56201​91228.

	36.	 Lawson S, Snarzyk M, Hanify D, Rownaghi AA, Rezaei F. Development of 
3D-printed polymer-MOF monoliths for CO2 adsorption. Ind Eng Chem 
Res. 2020;59(15):7151–60. https://​doi.​org/​10.​1021/​acs.​iecr.​9b054​45.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1021/acs.jafc.5b05214
https://doi.org/10.1021/acsami.0c06530
https://doi.org/10.1021/acsami.0c06530
https://doi.org/10.1002/adfm.201701841
https://doi.org/10.1021/acsami.9b00090
https://doi.org/10.1007/s12274-020-3177-y
https://doi.org/10.1038/s41565-018-0131-1
https://doi.org/10.1038/s41565-018-0131-1
https://doi.org/10.1016/j.cej.2020.127689
https://doi.org/10.1016/j.cej.2020.127689
https://doi.org/10.1021/acsami.6b15393
https://doi.org/10.1021/acsami.6b15393
https://doi.org/10.1021/acssuschemeng.0c05771
https://doi.org/10.1002/smll.201906846
https://doi.org/10.1016/j.rser.2018.04.103
https://doi.org/10.1016/j.rser.2018.04.103
https://doi.org/10.1016/j.pestbp.2018.05.002
https://doi.org/10.1016/j.pestbp.2018.05.002
https://doi.org/10.1603/033.046.0316
https://doi.org/10.1021/acssuschemeng.6b03180
https://doi.org/10.1021/acssuschemeng.6b03180
https://doi.org/10.1007/s11356-018-2342-2
https://doi.org/10.1006/pest.1998.2386
https://doi.org/10.1006/pest.1998.2386
https://doi.org/10.1002/(SICI)1096-9063(199812)54:4%3c394::AID-PS829%3e3.0.CO;2-S
https://doi.org/10.1002/(SICI)1096-9063(199812)54:4%3c394::AID-PS829%3e3.0.CO;2-S
https://doi.org/10.1155/2016/9805675
https://doi.org/10.1016/j.landusepol.2017.08.022
https://doi.org/10.1016/j.landusepol.2017.08.022
https://doi.org/10.1021/nn800596w
https://doi.org/10.1021/nn200021j
https://doi.org/10.1021/acs.jafc.7b02004
https://doi.org/10.1111/j.1439-0418.1988.tb00197.x
https://doi.org/10.1111/j.1439-0418.1988.tb00197.x
https://doi.org/10.1021/acssuschemeng.8b04567
https://doi.org/10.1021/acssuschemeng.8b04567
https://doi.org/10.1002/etc.5620200419
https://doi.org/10.1002/etc.5620191228
https://doi.org/10.1002/etc.5620191228
https://doi.org/10.1021/acs.iecr.9b05445

	Sustainable nano-pesticide platform based on Pyrethrins II for prevention and control Monochamus alternatus
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Materials and characterization
	Preparation of PthII@HKUST-1
	Preparation of FITC@HKUST-1
	Detection of PthII@HKUST-1 biopesticide-loaded
	Release performance of PthII@HKUST-1
	Photodegradability of PthII@HKUST-1
	Biodistribution and cellular uptake
	Cell morphology
	Cytotoxicity assessment of PthII@HKUST-1
	Mechanism research of contact toxicity and stomachtoxicity
	Environmental assessment
	In-tree delivery of PthII@HKUST-1
	Statistical analysis

	Results and discussion
	Characterization of PthII@HKUST-1
	Detection of PthII@HKUST-1 biopesticide-loaded
	Release performance of PthII@HKUST-1
	Photodegradability of PthII@HKUST-1
	Biodistribution and cellular uptake
	Cell morphology
	Cytotoxicity assessment of PthII@HKUST-1
	Mechanism research of contact toxicity and stomachtoxicity
	Environment assessment
	Transport efficiency

	Conclusions
	References




