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Abstract 

Cuelure (CUE) is an attractant mainly targeting fruit fly pests and is currently widely 

used for fruit fly monitoring and control. However, the release speed and time of CUE 

are not controllable, leading to a large amount of it being wasted, which not only 

reduces its effectiveness but also increases the cost of pest control. In order to prolong 

the use time of CUE, improve the utilization rate of the bait, and reduce the cost of 

pest control. Taking Zeugodacus cucurbitae Coquillett as the research object, we 

develop a temperature-sensitive cuelure nano-controlled release agent, which can 

control the release rate through the change of environmental temperature. The results 

show that the temperature-sensitive cuelure nano-controlled release agent not only 

exhibits good temperature-sensitive controlled release performance, but also shows 

excellent stability under high-temperature treatment at 60 °C for a week, and the 

trapping rate of the attractant is 73%-75%. This study not only has great practical 

significance for the monitoring, early warning, and control of fruit fly pests but also 

provides a new theoretical basis for the development of insect attractants. 

Keywords: Temperature-sensitive attractant; Zeugodacus cucurbitae Coquillett; 

Cuelure; Controlled release; Nano-pesticide  



1. Introduction 

Zeugodacus cucurbitae Coquillett belongs to Diptera (Tephritidae), which is 

widely distributed in tropical, subtropical, and temperate countries and regions, 

mainly affecting cucurbit plants, causing damage to more than 120 species of host 

plants in 36 families (Chen and Ma, 2010; Ma et al., 2016; Zhou, 2016). The 

characteristics of Z. cucurbitae Coquillett, such as hidden spawning and strong flying 

ability, lead to the traditional chemical pesticide spraying ineffective. What is more 

serious is that the extensive use of chemical pesticides will not only bring potential 

risks to people's food safety but also pollute the environment (Maula et al., 2022). 

Therefore, in order to mitigate the detrimental effects of synthetic chemical pesticides 

on human health, food security, and ecosystems, it is vital to embrace pest control 

strategies that are environmentally friendly. 

The emergence of insect attractants offers a novel strategy for controlling pests. 

By mixing male attractants with pesticides and spraying them on the field in large 

quantities, the "male-killing" technology of fruit flies, has been utilized to eradicate 

fruit fly pests on islands isolated from the mainland (Shelly et al., 2014). Cuelure 

[4-(p-Acetoxyphenyl)-2-butanone] (CUE) is a male attractant for Z. cucurbitae 

Coquillett, which was first discovered in 1960 by Beroza et al. in a series of 4- phenyl 

-2- butanone isomers synthesized organically (Biswas et al., 2022). It not only 

enhances the sexual mating activity of male Z. cucurbitae Coquillett but also has the 

ability to attract male Z. cucurbitae Coquillett (Guptaa et al., 2022). Meanwhile, CUE 

also has certain attraction activity to 56 related species, such as Bactrocera tryoni 

Froggatt, Dacus ciliatus Low, which are internationally recognized as important 

attractants for monitoring of fruit flies (Kumaran et al., 2014; Arya et al., 2022; 

Yazdani et al., 2022).  

The occurrence of the pest is particularly serious during the hot season (Li et al., 

2023), which is also the optimal time to use CUE to trap Z. cucurbitae Coquillett. 

However, the release speed and time of CUE are subject to various uncertain factors, 

such as temperature, and it is necessary to replace the core frequently to maintain its 

effect, which increases the cost of pest control. To avoid pest resurgence, the core 



must be regularly replaced, resulting in additional pest control costs. Therefore, there 

is an urgent need to find a material that can react to external triggers such as light, 

heat, or pH, to manage the speedy and extensive discharge of CUE at a precise 

temperature, promoting the rate of CUE utilization whilst extending its lifespan. 

Poly (N-isopropylacrylamide) (PNIPAM) is a commonly employed hydrogel 

material with temperature-sensitive properties, with a lower critical solution 

temperature (LCST) of about 32℃. PNIPAM has been utilized extensively in various 

domains such as pharmaceuticals, agriculture, and biomedicine due to its super water 

absorbency, typical three-dimensional porous structure, and excellent responsiveness 

to environmental stimuli. (Lu et al., 2022; Majstorović et al., 2022; Xiao et al., 2022). 

Wu et al. (2005) prepared a PNIPAM hydrogel via free radical polymerization. 

According to their findings, drug release rates and cumulative release increase with 

temperature. Additionally, the temperature can be used to immediately regulate drug 

release. Therefore, in this study, PNIPAM hydrogel has been chosen as the switch to 

control the release of CUE. To enhance both the drug-loading capacity and 

temperature sensitivity of the PNIPAM hydrogel, we introduced carboxylated 

multi-walled carbon nanotubes (MWCNTs-COOH) into the hydrogel due to its 

exceptional drug-loading capacity and thermal conductivity. Carbon nanotubes 

(CNTs), a material with special structures characterized by a high depth-to-width ratio, 

high specific surface area, and high mechanical stiffness, can be used as drug 

containers and have been proven to have a series of potential values (Baydin et al., 

2022b;). However, the dispersibility of the carbon nanotube in aqueous solutions is 

poor, and the introduction of hydrophilic groups carboxyl groups can improve its 

dispersion in aqueous solutions (Zhang et al., 2022a). Moreover, MWCNTs-COOH 

not only facilitates targeted delivery of hydrophilic and hydrophobic substances but 

also maintains drug stability (Zhang et al., 2009). 

To sum up, to address the issue of the uncontrollable release rate of insect 

attractants, we propose to select Z. cucurbitae Coquillett as the research object, flytrap 

ketone as the prodrug, MWCNTs-COOH as the carrier, and PNIPAM hydrogel as the 

switch to control of the release of the attraction, to develop a temperature-sensitive 



cuelure nano-controlled release agent (hereinafter referred to as temperature-sensitive 

attractant), so as to realize the controlled release of CUE, to reduce the cost of the use 

of the attractant, and to provide the theoretical basis for the monitoring and control of 

fruit fly pests. 

2. Materials and methods 

2.1. Insect source 

The insect source of Z. cucurbitae Coquillett used in this study was collected 

from a bitter melon plantation in Hainan, China (109°29'E, 19°30'N). The damaged 

fruits were brought indoors, and the larvae and pupae of Z. cucurbitae Coquillett were 

taken out for artificial breeding. The average indoor temperature is kept at 25±1℃, 

the humidity is kept at 70±5%, and the light ratio is 14L:10D, so as to establish a 

temperature-sensitive indoor population. The formula of artificial feed for insect 

larvae is 200g yeast powder, 1000g corn flour, 200g sucrose, 5g sodium benzoate, 

1000g pumpkin, 8 ml concentrated hydrochloric acid, 1000 ml water, and 200 g roll 

paper. The formula of artificial feed for adults is yeast powder: sucrose (w: w) = 1: 1. 

2.2. Main equipment 

Intelligent artificial climate incubator (ZRX258D, Hangzhou Qianjiang 

Instrument and Equipment Co., Ltd.), ultra-pure water machine FST-111-TH100 

(Thermo), 1/10,000 analytical balance (GR-300, Iand), pipettes with various ranges 

(Research plus adjustable range pipettes, Ebend China Co., Ltd.), ultraviolet-visible 

spectrophotometer (UV-vis spectrophotometer). Unico (Shanghai) Instrument Co., 

Ltd.), Sartorius aquarium Mini Plus pure water ultrapure water machine 

(H2O-MA-UV-T). 

2.3. Main reagent 

CUE (purity 98%, Jiangxi Yixin Perfume Co., Ltd., China), commercial 

attractant (General Huang, the effective component is pyrimethamine, purity 98%, 

China Academy of Agricultural Sciences, Beijing, China), MWCNTs-COOH (length 

10-20 μm, particle size 30-50 nm, purity 95%, carboxyl content 2.0 wt%). 

Acetonitrile (AR, 99%), Methylene-Bis-Acrylamide (purity 99%), Poly (ethylene 

glycol) (PEG 1000, purity 99%), N, N, N', N' -tetramethylethylenediamine (TMEDA, 



purity 99%) and ammonium persulfate (AR, purity 99%) were all purchased from 

China Hainan Qingfeng Biotechnology Co., Ltd. 

2.4. Experimental methods 

2.4.1. Temperature setting 

The LCST of temperature-sensitive attractants is approximately 32℃. When the 

temperature is higher than the LCST of temperature-sensitive attractants, a substantial 

quantity of attractants will be released (Wang, 2017). Combined with the field 

temperature, three temperature conditions of 25°C, 33°C and 37°C were set with the 

help of an artificial climate incubator, while maintaining the humidity at 70±5%. 

2.4.2. Setting of trapping time 

Chen et al. (2011) discovered that the optimal time for trapping Z. cucurbitae 

Coquillett with CUE is during the morning and noon, and the dosage of CUE in the 

field was generally about 1 g, which had a good effect. Keiser et al. (1976) found in 

the experiment that when 0.5 ml of CUE was placed in a glass trap, 1697 Ceratitis 

capitata Wiedemann were trapped within 3 h. Keiser et al. (1976) and Chen et al. 

(2011) supported these findings and determined that trapping occurred between 9:00 

a.m. and 12:00 a.m. with an initial CUE dosage of 0.5 ml. 

2.5. Evaluation of the trapping effect of CUE on Z. cucurbitae Coquillett 

To determine the optimal age and dosage of CUE for trapping Z. cucurbitae 

Coquillett under different temperature backgrounds, the cages containing Z. 

cucurbitae Coquillett of 5-day, 10-day, 20-day, and 30-day-old (each cage contains 50 

female and 50 male adults) are put into the artificial climatic incubator that had been 

set up (25°C, 33°C and 37°C, and 70±5% humidity). Then, the traps with different 

doses of CUE (0.1 ml, 0.5 ml, 1.0 ml, and 2.0 ml) are put into the cage for 3 h, and the 

treatment without CUE is taken as the blank control (CK1), with five replicates in 

each treatment and one replicate for each cage. At the end of the experiment, the 

number of Z. cucurbitae Coquillett trapped in each group was counted and recorded. 

 

 

 



 

2.6. Preparation and evaluation of temperature-sensitive attractant 

2.6.1. Preparation of temperature-sensitive attractant 

Referring to the method of Pan et al. (2021) and improved, 0.5 ml of CUE was 

added to 10 ml 60% acetonitrile-water (v/v) solution and mixed evenly, 1.000 g of 

PEG 1000 was added for ultrasonic treatment for 10 min, then 0.001 g of 

MWCNTs-COOH were added for ultrasonic dispersion for 30 min, and then sealed 

for 12 h., Then 1.000 g of NIPAM, 0.02 g of Methylene-Bis-Acrylamide and 50 µL of 

TEMED were added in turn, stirred and dissolved, and nitrogen was introduced for 30 

min to remove oxygen in the system. Finally, 0.02 g of ammonium persulfate was 

added and nitrogen was continuously introduced until it was completely dissolved, 

sealed, and reacted at room temperature for 12 h to complete the preparation. The 

schematic diagram of the synthesis and release of temperature-sensitive attractants 

can be found in Fig. 1. 

 

Fig. 1. Schematic diagram of synthesis and sustained-release principle of 

temperature-sensitive attractant. 



 

 

2.6.2. Plotting of standard curve of CUE solution 

Preparation of CUE stock solution: Accurately weigh 1.000 g CUE pour it into a 

100 ml volumetric flask, and use 60% acetonitrile-water (v/v) solution to make the 

volume constant to 100 ml to prepare 10 mg/ml CUE stock solution. 

Preparation of standard solution of CUE: 60% acetonitrile solution was used to 

dilute the above solution into CUE standard solutions at concentrations of 1 mg/ml, 2 

mg/ml, 3 mg/ml, 4 mg/ml, 5 mg/ml, 6 mg/ml and 7 mg/ml. With 60% acetonitrile as 

the reference solution, the absorbance of the standard solution of CUE was measured 

with an ultraviolet-visible spectrophotometer at the wavelength of 270 nm, and the 

standard curve was drawn with the concentration of the standard solution as the 

abscissa and absorbance as the ordinate. 

2.6.3. The influence of crosslinker content on temperature-sensitive attractants 

The content of the cross-linking agent will directly affect the structure and 

strength of hydrogel. In order to investigate the effect of the amount of cross-linking 

agent on the performance of temperature-sensitive attractants, the method in step 2.6.1 

was used to prepare temperature-sensitive entrapment with different cross-linking 

agent contents according to Table 1. Then 2.0 g of the prepared temperature-sensitive 

attractants were immersed in 30 ml 60% acetonitrile solution and placed at 35℃ for 3 

h. During this period, 1 ml was sampled every 30 min, and 1 ml of the original 

solution was added to keep the total volume of the solution unchanged. The 

absorbance of the sample solution was detected, and the concentration of CUE in the 

solution was calculated by substituting the formula obtained in step 2.6.2. 

 

 

 

 

 

 



Table 1 

Dosage of crosslinking agent. 

Name 
Treatment 

Reagent 
1 2 3 4 5 

Thermosensitive monomer (g) NIPAM 1.0 1.0 1.0 1.0 1.0 

Crosslinking agent(g) Methylene-Bis-Acrylamide 0.02 0.03 0.04 0.05 0.06 

Porogen (g) PEG 10000 1.0 1.0 1.0 1.0 1.0 

Accelerating agent (μL) TMEDA 50 50 50 50 50 

Initiator (g) Ammonium persulphate 0.02 0.02 0.02 0.02 0.02 

Solvent (ml) 60% acetonitrile aqueous solution 10 10 10 10 10 

2.6.4. Effect of Porogenic Content on Temperature Sensitivity of Temperature 

Sensitive Attractants 

The content of the pore-forming agent directly affects the rate of slow release of 

the temperature-sensitive attractant. In order to explore the influence of the content of 

the pore-forming agent on the performance of the temperature-sensitive attractant, the 

method in step 2.6.1 was used to prepare a temperature-sensitive attractant with 

different content of pore-forming agent according to Table 2, and then 2.0 g of the 

prepared temperature-sensitive elicitor was immersed in 30 ml of 60% acetonitrile 

solution and then placed at 35°C for 3 h. During this period, 1 ml of the samples was 

taken at intervals of 30 min, and 1 ml of the original solution was replenished to keep 

the total volume of the solution unchanged. Unchanged, the absorbance of the sample 

solution was detected and substituted into the formula obtained in step 2.6.2 to 

calculate the concentration of CUE in the solution. 

Table 2 

Dosage of pore-forming agent. 

Name 
Treatment 

Reagent 
1 2 3 4 5 

Thermosensitive monomer (g) NIPAM 1.0 1.0 1.0 1.0 1.0 

Crosslinking agent(g) Methylene-Bis-Acrylamide 0.02 0.02 0.02 0.02 0.02 

Porogen (g) PEG 10000 0 0.5 1.0 1.5 2.0 

Accelerating agent (μL) TMEDA 50 50 50 50 50 

Initiator (g) Ammonium persulphate 0.02 0.02 0.02 0.02 0.02 

Solvent (ml) 60% acetonitrile aqueous 

solution 

10 10 10 10 10 

 



2.7. Morphology characterization of temperature-sensitive attractants 

2.7.1. Scanning electron microscope 

The prepared PNIPAM hydrogel, PNIPAM porous hydrogel, and PNIPAM@ 

MWCNTs-COOH@CUE temperature-sensitive inducer were taken as 2 g each, 

freeze-dried, and an appropriate amount of the solid was sprayed with gold to treat the 

samples before observing and analyzing the microscopic morphology of the samples 

using a scanning electron microscope. 

2.8. Performance test of temperature-sensitive attractant 

2.8.1. Temperature Response Concentration Release Experiment 

The speed of drug release in the temperature-sensitive hydrogel can reflect the 

temperature-sensitive performance of the hydrogel. To evaluate the performance of 

the temperature-sensitive attractant, multiple portions of the temperature-sensitive 

attractant prepared in step 2.6.1 (2.0 g each) were put in a centrifuge tube filled with 

30 ml 60% acetonitrile solution, and then the centrifuge tubes were placed at 25℃, 

30℃, 35℃, 40℃, and 45℃ for 3 h respectively. During this period, 1 ml was 

sampled every 30 min, and 1 ml of the original solution was added to keep the total 

volume of the solution unchanged. The absorbance of the sample solution was 

detected, and then the absorbance value was substituted into the formula obtained in 

step 2.6.2 to calculate the concentration of CUE in the solution. 

2.8.2. Determination of entrapment efficiency and drug loading 

As important indicators of key quality attributes of nano-drugs, encapsulation 

efficiency, and drug loading are closely related to the formulation and preparation 

technology of nano-drugs, which reflect the degree of drug encapsulation by carriers 

(Zhang et al., 2022). In order to determine the entrapment efficiency and drug loading 

of the temperature-sensitive attractant, three samples of 2.0 g temperature-sensitive 

attractant prepared in step 2.2.1 were weighed and dissolved by 30 ml 60% 

acetonitrile solution for 30 min, and the water temperature was set at 35℃ during 

ultrasonic treatment. Centrifuge the supernatant after ultrasonic treatment, measure 

the absorbance of the solution with the spectrophotometer, and substitute it into the 

formula obtained in step 2.6.2 to calculate the content of CUE in the solution. 



Referring to Singh et al. (2022) and Lim et al. (2017), the encapsulation efficiency 

(EE) and loading content (LC) of hydrogels were calculated according to the 

following formulas (1) and (2). 

EE (%) = M1/M2*100% (1) 

LC (%) = M1/M3*100% (2) 

M1: Total mass of CUE carried in temperature-sensitive attractant; M2: Initial 

dosage of CUE; M3: Total mass of temperature-sensitive attractant. 

2.9. The effect of temperature-sensitive attractant on trapping Z. cucurbitae Coquillett 

indoors 

2.9.1. Evaluation of the trapping effect of temperature-sensitive attractants on Z. 

cucurbitae Coquillett under different temperature backgrounds 

Based on the results of previous experiments, the 20-day-old Z. cucurbitae 

Coquillett is selected as the source of the tested insects. In order to compare the 

trapping effects of temperature-sensitive attractants, CUE, and commercial attractants, 

the same dosage (0.1 ml) of these three attractants was put in multiple traps, and the 

traps were placed in cages containing Z. cucurbitae Coquillett (each cage contained 

50 female and 50 male adults, and one cage was repeated), and then the cages were 

placed in different artificial climate incubators (the temperature was 25℃, 33℃ and 

37℃, humidity 70±5%). After the experiment, the number of f Z. cucurbitae 

Coquillett trapped in each group was counted and recorded. 

2.9.2. Effect of the dosage of temperature-sensitive attractant on trapping Z. 

cucurbitae Coquillett in different temperature backgrounds 

In the previous experiment, we found that the dosage of CUE would affect the 

effect of trapping Z. cucurbitae Coquillett. Therefore, in order to evaluate the 

influence of the dosage of temperature-sensitive attractant on the trapping of Z. 

cucurbitae Coquillett, cages containing Z. cucurbitae Coquillett (each cage contains 

50 20-day-old females and males, and one cage was repeated) were placed in different 

artificial climate incubators (temperature 25℃ and 33℃, humidity 70±5%), and then 

different doses of temperature-sensitive attractant (0 g, 1.0 g, 2.0 g, and 3.0 g) were 

loaded. After the experiment, the number of Z. cucurbitae Coquillett trapped in each 



group was counted and recorded. 

2.9.3. High-temperature resistance limit test of attractant 

This study was conducted in Sanya, Hainan, China, which is located in the 

tropical region, and it is known that the maximum surface temperature in this region 

can reach 45°C in summer with reference to the local historical temperature records. 

Considering the use conditions of field attractants and the characteristics of 

temperature-sensitive attractants, 60℃ was chosen as the temperature for the 

high-temperature test of attractants. The temperature-sensitive attractants, CUE, and 

commercial attractants were placed in an oven at 60℃ for 7 d. On the 1st, 3rd, 5th, 

and 7th day of treatment, respectively, 0.1 ml of the above attractant was added to the 

trap, and then the trap was placed in different cages (each cage was filled with 50 

20-day-old female and male adults, which was a repetition). finally, the cages were 

cultured in different artificial climates. After the experiment, the number of Z. 

cucurbitae Coquillett trapped in each group was counted and recorded. 

 

3. Results and analysis 

3.1.Evaluation of the trapping effect of CUE on Z. cucurbitae Coquillett 

3.1.1. Study on the optimum day age of Z. cucurbitae Coquillett trapped by CUE 

under different temperature background 

CUE was used to trap 5, 10, 20, and 30-day-old Z. cucurbitae Coquillett under 

different temperature backgrounds. The results show that CUE was effective in 

trapping Z. cucurbitae Coquillett of different ages at different temperatures. At 25℃ 

and 33℃, the number of 20-day-old and 30-day-old Z. cucurbitae Coquillett trapped 

by CUE was the largest, followed by 10-day-old and 5-day-old (Fig. 2). When the 

ambient temperature was 37 ℃, the total number of Z. cucurbitae Coquillett trapped 

by CUE was significantly lower than that at 25 ℃ and 33 ℃, which may be attributed 

to the fact that Z. cucurbitae Coquillett gathered on wet cotton to escape from the high 

temperature when the ambient temperature was elevated, resulting in a decrease in the 

number of Z. cucurbitae Coquillett trapped by CUE. 

In addition, it was found that at 37℃, the number of 30-day-old Z. cucurbitae 



Coquillett trapped by CUE was significantly higher than that of other days, which 

may be because the 30-day-old Z. cucurbitae Coquillett had higher tolerance to the 

high-temperature environment than other days, which led to their more activity in the 

high-temperature environment. 

 

Fig. 2. The number of Z. cucurbitae Coquillett of different ages trapped by CUE 

at different temperatures. (A) 25℃, (B) 33℃, (C) 37℃. The value of the bar chart is 

mean ± standard error, and the lowercase letters above the bar chart indicate 

significant differences (P<0.05), as shown in Fig. 4 below. 

The results of one-way ANOVA and Tukey's multiple comparisons show that the 

number of male Z. cucurbitae Coquillett trapped by CUE was significantly higher 

than that of females at 25℃ and 33℃ (Fig. 3), indicating that muscovite mainly 

attracted male Z. cucurbitae Coquillett. At 37℃, there is no significant difference 

between them, which may be because, at the high temperature, Z. cucurbitae 

Coquillett gathers in wet cotton to avoid the high temperature, which leads to a small 

number of Z. cucurbitae Coquillett trapped by CUE. 



 

Fig. 3. Number of females and males of Z. cucurbitae Coquillett trapped by CUE 

at different temperatures. Note: the value of the bar chart is mean ± standard error, 

and the “*”, “* *”, “* * *” and “* * * *” at the top of the bar chart indicate the 

significant differences (P<0.05, P<0.01, P<0.001, P < 0.0001, respectively). 

 

3.1.2. The influence of the dosage of CUE on the trapping of Z. cucurbitae Coquillett 

in different temperature backgrounds 

Z. cucurbitae Coquillett were trapped at 25℃, 33℃, and 37℃ with different 

doses of CUE. The results show that at 25℃ and 33℃, the dosage of CUE was 0.1 ml 

and 0.5 ml, followed by 1 ml and 2 ml (Fig. 4). It shows that the trapping effect of 

CUE on Z. cucurbitae Coquillett was affected by the dosage of CUE, and its trapping 

effect would not always increase with the increase of its dosage. The possible reason 

is that the high concentration of CUE inhibits the sensitivity of male Z. cucurbitae 

Coquillett to CUE, which leads to the decrease of the number of Z. cucurbitae 

Coquillett trapped by CUE when the dosage of CUE is increased to 1 ml and 2 ml. 

Under the same dosage of CUE, the number of Z. cucurbitae Coquillett trapped 

by CUE at 25℃ and 33℃ was significantly higher than that at 37℃, indicating that 

the environmental temperature at 25℃ and 33℃ was more favorable for CUE to trap 

Z. cucurbitae Coquillett. The possible reason is that when the environmental 



temperature was 25-33℃, the physiological activities such as feeding and mating 

were more active. When the ambient temperature reaches 37℃, the Z. cucurbitae 

Coquillett gathers on wet cotton to avoid the high temperature, which leads to a 

decrease in the number of Z. cucurbitae Coquillett trapped by CUE. 

 

Fig. 4. The number of Z. cucurbitae Coquillett trapped by different dosages of 

CUE. (A) 5 days old, (B) 10 days old, (C) 20 days old, (D) 30 days old Z. cucurbitae 

Coquillett. 

 

3.2. Preparation and evaluation of temperature-sensitive attractant 

3.2.1. Drawing of standard curve of CUE 

By measuring the absorbance of the standard solution of CUE, the standard 

curve of absorbance versus CUE concentration was drawn with the concentration of 

CUE as abscissa and absorbance as ordinate. The results show that there is a linear 

correlation between the concentration and absorbance of CUE, and the correlation 

coefficient R
2
=0.9926 (Fig. 5), indicating that there is good linearity between the 

experimental data and the fitting function. 



 

Fig. 5. Standard curve of absorbance versus concentration of CUE. 

 

3.2.2. Effect of crosslinking agent content on temperature sensitivity of 

temperature-sensitive inducer 

The influence of the amount of cross-linking agent on the temperature-sensitive 

attractant is shown in Fig. 6. The results show that when the amount of cross-linking 

agent is 0.06 g and 0.03 g, the concentration of CUE in the solution increases within 

the first 1.5 h, while the release rate of CUE obviously slows down in the process of 

1.5-3.0 h. It may be because the CUE in the temperature-sensitive attractant has been 

released into the solution in the first 1.5 h, which leads to the slow increase of the 

concentration of CUE in the solution after 1.5 h of the experiment.  

When the dosage of the cross-linking agent is 0.05 g and 0.02 g, the release rate 

of the drug in the temperature-sensitive attractant is relatively gentle, and the 

concentration of CUE in the solution at 3.0h was only half of that at 0.06g and 0.03g. 

This indicates that at least half of the remaining CUE in the temperature-sensitive 

attractant has not been released into the solution. The reason for the change in the 

release rate of CUE in temperature-sensitive attractants may be that the amount of 

different crosslinking agents affects the structure of the gel (such as the number of 

crosslinking points in polymer segments), which leads to the change in the 



temperature sensitivity of the hydrogel. 

 

Fig. 6. Effect of dosage of cross-linking agent on temperature sensitivity of 

temperature-sensitive inducer. 

 

3.2.3. Effect of porogen content on hydrogel temperature sensitivity 

The effect of the amount of pore-forming agent on the temperature-sensitive 

attractant is shown in Fig. 7. The results show that the final concentration of CUE in 

the solution is inversely proportional to the content of the pore-forming agent. It may 

be because the pore-forming agent will form many small holes in the gel, which leads 

to the temperature-sensitive attractant with the less pore-forming agent carrying more 

CUE per unit volume. In the first 1 hour of the experiment, the release rate and 

amount of CUE in the temperature-sensitive attractant without a pore-forming agent 

were higher; After 1 h, the release rate of CUE in the temperature-sensitive attractant 

without a pore-forming agent was obviously slower than that in other treatments. This 

is because the surface of the temperature-sensitive sustained-release agent without a 

pore-forming agent collapses faster than the inside of it, and a dense epidermis layer 

is formed on its surface, which leads to the inability to release the CUE inside the gel, 

resulting in a small change in the concentration of CUE in the solution after 1 h. 

When the dosage of the pore-forming agent is 0.5 g and 1.0 g, the release rate and 

amount of temperature-sensitive attractant are higher than 1.5 g and 2.0 g, indicating 



that the temperature-sensitive attractant prepared with the dosage of these two 

pore-forming agents is more conducive to its slow-release performance. 

 

Fig. 7. Effect of the dosage of pore-forming agent on the temperature sensitivity 

of temperature-sensitive attractant. 

 

3.2.4. Morphology characterization of temperature-sensitive attractants 

The scanning electron microscope (SEM) image of the hydrogel sample is shown 

in Fig. 8. There are only a few pores on the surface of the gel without a pore-forming 

agent (Fig. 8A). In contrast when the pore-forming agent is added to the hydrogel, it 

can be clearly seen that a large number of pores are generated on the surface of the gel 

(Fig. 8B). The existence of these pores will be beneficial to the release of CUE in the 

temperature-sensitive attractant. By observing the prepared PNIPAM@ 

MWCNTs-COOH@CUE temperature-sensitive attractant at the scale of 100 μm, it 

can be clearly seen that there are many holes in the network structure of the gel (Fig. 

8C), which not only provide sufficient channels for the release of CUE but also 

provide large-area attachment sites for carbon nanotubes, providing them with the 

ability to carry more CUE. 



 

Fig. 8. SEM image of hydrogel. (A) PNIPAM hydrogel, (B) PNIPAM porous 

hydrogel, (C) PNIPAM@ MWCNTs-COOH@CUE @ CUE temperature-sensitive 

attractant. 

 

3.3. Performance test of temperature-sensitive attractant 

3.3.1. Temperature response release experiment of temperature-sensitive trap 

The experimental results of temperature-responsive release of 

temperature-sensitive attractants are shown in Fig. 9. The results show that the release 

rate of temperature-sensitive attractants is positively correlated with temperature in 

the range of 25- 45℃. When the temperature is 25℃, the drug release rate of the 

temperature-sensitive attractant is slow. However, when the temperature rises to 35℃ 

and 45℃, the release rate of the drug in the temperature-sensitive attractant increases 

obviously in unit time, and the final release concentration of the drug is also higher 

than 25℃. These findings suggest that the temperature-responsive attractant exhibits 

favorable responses to changes in temperature. 

 



Fig. 9. Temperature response release of temperature-sensitive attractant. 

 

3.3.2. Determination of entrapment efficiency and drug loading 

The entrapment efficiency of the temperature-sensitive attractant is a crucial 

indicator of the carrier's performance. In this study, the entrapment efficiency of the 

temperature-sensitive attractant prepared is 73.34-75.53%, and the drug loading is 

3.36-3.46% (Table 3). The results demonstrate that the attractant has good 

drug-loading performance. 

Table 3  

Entrapment efficiency and drug loading of temperature-sensitive attractants 

sample Absorbance 

concentration

（mg/ml） 

Entrapment  

efficiency（%） 

Drug loading（%） 

1 1.186±0.01 2.32±0.01 75.53±0.01 3.46±0.02 

2 1.174±0.01 2.29±0.02 74.83±0.01 3.43±0.03 

3 1.182±0.01 2.31±0.03 73.34±0.01 3.36±0.04 

 

3.4. Indoor effect determination 

3.4.1. Evaluation of the effect of temperature-sensitive attractant on trapping Z. 

cucurbitae Coquillett 

The results of trapping Z. cucurbitae Coquillett indoors with a 

temperature-sensitive attractant are shown in Fig. 10. Under the temperature 

background of 25℃ and 33℃, there is no significant difference between the number 

of Z. cucurbitae Coquillett trapped by temperature-sensitive attractant and the number 

of Z. cucurbitae Coquillett trapped by using CUE alone. This indicates that the 

efficacy of trapping Z. cucurbitae Coquillett using CUE remains unimpaired during 

the preparation process of the temperature-sensitive attractant. At 37℃, a greater 

number of Z. cucurbitae Coquillett are trapped using the temperature-sensitive 

attractant than with CUE alone. The possible reason is that the temperature at this 

time is above the LCST of the temperature-sensitive attractant, which led to the rapid 

volatilization of the pheromone in the temperature-sensitive attractant, thus increasing 



the effect of trapping Z. cucurbitae Coquillett by the temperature-sensitive attractant. 

There is no significant difference in the number of Z. cucurbitae Coquillett 

trapped by commercial attractants and temperature-sensitive attractants under the 

three temperature backgrounds of 25℃, 33℃, and 37℃, indicating that the prepared 

temperature-sensitive attractants had a good application potential. At 25℃, the 

number of Z. cucurbitae Coquillett trapped by temperature-sensitive attractants is less 

than that of the commercial attractants. When the temperature is increased to 33℃ 

and 37℃, the number of Z. cucurbitae Coquillett trapped by temperature-sensitive 

attractants is more than that of commercial attractants. This is because when the 

ambient temperature is 25℃, the LCST of the temperature-sensitive attractant is not 

reached, and the release rate of CUE in the attractant is slow, which leads to the 

number of trapped Z. cucurbitae Coquillett being less than that of commercial 

attractants. When the temperature reaches 33℃ and 37℃, which is higher than the 

LCST of the temperature-sensitive attractant, a large quantity of CUE is released in a 

short time, which increases the effectiveness of the lure in trapping Z. cucurbitae 

Coquillett. 

 

Fig. 10. The number of Z. cucurbitae Coquillett trapped by three attractants at 

different temperatures. 



 

3.4.2. Effect of the dosage of temperature-sensitive attractant on trapping Z. 

cucurbitae Coquillett 

The number of Z. cucurbitae Coquillett trapped by different dosages of 

temperature-sensitive attractants is shown in Fig. 11. The results show that at the same 

temperature, the number of trapped Z. cucurbitae Coquillett trapped by 2 g of 

temperature-sensitive attractants is more than that of other treatments. It shows that 

the trapping effect was the best when the dosage of temperature-sensitive attractant 

was 2 g, and it also shows that the trapping effect of CUE would not always increase 

with the increase of its dosage, which was consistent with the experimental results in 

3.1.2. The possible reason is that when the dosage of the temperature-sensitive 

attractant is 2 g, the release rate of CUE in the attractant reaches an optimal level, 

resulting in the highest number of Z. cucurbitae Coquillett trapped. 

When the dosage of temperature-sensitive attractant is the same, the number of Z. 

cucurbitae Coquillett trapped at 33℃ is more than 25℃. This is because when the 

temperature is 25℃, the ambient temperature does not reach the LCST of the 

temperature-sensitive attractant, and only a small amount of CUE is released. When 

the ambient temperature reaches 33℃, the structure of the temperature-sensitive 

attractant changes phase, and a large amount of CUE in the temperature-sensitive 

attractant is released into the environment, thereby attracting more Z. cucurbitae 

Coquillett. The results show that the temperature-sensitive attractant can respond to 

the stimulation of external temperature and thus change the release rate of the 

attractant. 



 

Fig. 11. The number of Z. cucurbitae Coquillett trapped by different dosages of 

temperature-sensitive attractants. 

 

3.4.3. High-temperature resistance test 

The high-temperature resistance test results of temperature-sensitive attractants 

are shown in Fig. 12. The results show that the number of Z. cucurbitae Coquillett 

trapped by commercial attractants, temperature-sensitive attractants, and CUE is 

negatively correlated with the treatment time, which implies that high temperature 

will reduce the trapping effect of these three attractants on Z. cucurbitae Coquillett. 

Five days before high-temperature treatment, the number of Z. cucurbitae Coquillett 

trapped by commercial attractants and CUE is more than that of temperature-sensitive 

attractants. By the 5th day, the number of Z. cucurbitae Coquillett trapped by the three 

attractants was close to 40. On the 7th day, the number of Z. cucurbitae Coquillett 

trapped by commercial attractants and CUE decreased to less than 40, while the 

number of Z. cucurbitae Coquillett trapped by temperature-sensitive attractants 

remained above 40. This may be due to high temperatures accelerating the 

volatilization of these attractants. Although a large amount of solution in the 

temperature-sensitive attractant volatilizes, due to the existence of carbon nanotubes, 

a large amount of CUE is adsorbed in the inner space of carbon nanotubes, which 



leads to the slow volatilization rate of CUE in the temperature-sensitive attractant, 

thus prolonging its trapping effect. 

The results of one-way ANOVA and Tukey's multiple comparisons show that 

there is a significant difference in the number of Z. cucurbitae Coquillett trapped by 

commercial attractants on the first and seventh day (P < 0.01), while there is no 

significant difference in the number of Z. cucurbitae Coquillett trapped by CUE and 

temperature-sensitive attractants. This suggests that compared with commercial 

attractants, CUE has better high-temperature resistance. Compared with CUE, the 

number of Z. cucurbitae Coquillett trapped by the temperature-sensitive attractant is 

more than 40, which shows that the high-temperature treatment for seven days has no 

significant effect on the trapping effect of the temperature-sensitive attractant. This 

indicates that the temperature-sensitive attractant has excellent high-temperature 

resistance. 

 

Fig. 12. High-temperature resistance test of three attractants. Note: the value of 

the line chart is mean ± standard error. 

 

 

 



4. Discussion 

Sexually mature Z. cucurbitae Coquillett is more likely to be attracted by CUE. 

The results of this study suggest that the attraction of CUE to 10-day-old, 20-day-old, 

and 30-day-old Z. cucurbitae Coquillett is significantly higher than that of 5-day-old 

Z. cucurbitae Coquillett (Fig. 2). This indicates that the trapping ability of CUE to Z. 

cucurbitae Coquillett may be related to the degree of sexual development of Z. 

cucurbitae Coquillett. Combined with the research of Yuan et al. (2005), it was found 

that Z. cucurbitae Coquillett began mating after reaching sexual maturity 9-11 d after 

emergence, which further confirmed the results of this study. According to the 

literature, CUE has been documented as an attractant for male Z. cucurbitae 

Coquillett. However, interestingly, our study reveals that about one-sixth of the total 

number of female Z. cucurbitae Coquillett collected in traps (Fig. 3), which is 

inconsistent with the literature. For this reason, we conducted a validation experiment 

in which a trap containing 0.5 ml of CUE is placed in a cage containing only female Z. 

cucurbitae Coquillett for 3 h. At the end of the experiment, no female Z. cucurbitae 

Coquillett are collected in the trap, so what are the female Z. cucurbitae Coquillett 

attracted to in this study? Upon reviewing the literature, Shelly et al. (1995) found that 

the male Z. cucurbitae Coquillett that ate the pheromone were more attractive to 

females than those that did not eat CUE. This suggests that the female Z. cucurbitae 

Coquillett in the trap in this study is attracted by the male who had eaten the CUE. 

In addition, it was found in this study that the attraction effect of CUE to Z. 

cucurbitae Coquillett does not always increase with the increase of its use. A 

significant decrease in the number of Z. cucurbitae Coquillett trapped by CUE when 

the dosage of CUE is increased from 0.5ml to 1 ml and 2 ml, (Fig. 4). Similar results 

are obtained in the experiment evaluating the trapping effect of temperature-sensitive 

attractants on Z. cucurbitae Coquillett. When the dosage of temperature-sensitive 

attractants is increased from 1 g and 2 g to 3 g, the number of Z. cucurbitae Coquillett 

trapped by the attractants also decreases (Fig. 11), suggesting that the high dose of 

CUE might inhibit the sensitivity of male Z. cucurbitae Coquillett to it. 

PNIPAM hydrogel is a material with good temperature sensitivity. Because of its 



characteristics of no pollution to the environment, no biotoxicity, and recyclability,  

PNIPAM hydrogel has good application prospects in the field of pesticide-sustained 

release (Gheysoori, et al. 2023). For example, Feng et al. (2020) combined starch, 

alginate, kaolin, and PNIPAAM to prepare a semi-interpenetrating network hydrogel 

with temperature sensitivity, and the research results showed that 

semi-interpenetrating network hydrogel beads containing kaolin not only have a 

slow-release effect before peanut flowering but also can release biocontrol agents 

rapidly after flowering. Xu et al. (2017) used polydopamine (PDA) microspheres as 

the photothermal agent, and then encapsulated with PNIPAM hydrogel, and prepared 

a core-shell nanocomposite. The nanocomposite shows high loading capacity and 

temperature or near-infrared controlled release properties, which had great potential in 

the field of drug-controlled release. In this study, the temperature response 

performance of the temperature-sensitive attractant is tested and the results show that 

both the release rate and final concentration of CUE are positively correlated with the 

temperature. Wu et al. (2005) found that the higher the environmental temperature, 

the faster the drug release and the more the cumulative release. This result is 

consistent with our research results, indicating that the temperature-sensitive attractant 

prepared in this study has good temperature sensitivity. 

PNIPAM hydrogels can not only respond to changes in external temperature and 

thus control the release of drugs but also maintain the stability of the drugs loaded. 

For example, Wang et al. (2021) obtained a temperature-responsive release pesticide 

formulation by modifying graphene oxide with PNIPAM hydrogel and then loading 

lambda-cyhalothrin onto the nanocomposite carrier. The pesticide formulation not 

only could control the release of lambda-cyhalothrin at a specific temperature and 

prolong its sustained release time but also had good water dispersibility and UV 

resistance. In this study, the high-temperature resistance of the temperature-sensitive 

attractant is tested. The results show that, after being treated at 60℃ for 7 d, compared 

with CUE and commercial attractants, the attraction ability of the 

temperature-sensitive attractant to Z. cucurbitae Coquillett is not obviously weakened 

compared, indicating that the temperature-sensitive attractant also has good stability 



in the high-temperature environment. 

Since the loading of CUE relies on the network structure inside the carbon 

nanotubes and PNIPAM hydrogel, without any other special conditions. Therefore, 

other components (such as chemical pesticides) can be mixed into the 

temperature-sensitive attractant to further enhance the pest control effect of the 

attractant. In addition, CUE can be replaced with other attractants to make different 

types of slow-release agents, thus expanding its application scope. 
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