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The dusky cotton bug is a small insect that poses a significant threat to cotton crops. Due to increasing 
reports on the development of resistance in this insect against insecticides, efforts to control this pest 
must involve other environment-friendly strategies. The use of nanoparticles (NPs) has generated an 
alternative pest control. The objective of this study was to evaluate the insecticidal effect of green 
synthesized titanium dioxide nanoparticles (TiO2) NPs using latex of Calatropis procera against dusky 
cotton bug 2nd and 4th instar nymph and adult stage. The optical properties of the synthesized 
nanoparticles were confirmed through UV-Vis spectroscopy whereas, surface morphology was checked 
through Scanning Electron Microscopy. A detailed XRD analysis of the synthesized particles confirmed 
that the particles belong to the anatase phase, of the tetragonal crystal system. When checked for 
their insecticidal potential against dusky cotton bugs (2nd and 4th instar nymph and adult stage) 
through the leaf dip method, the nanoparticles-controlled insect population was up to 95% with 
highest in 2nd instar nymphs and lowest in adults. However, the insecticidal activity was found directly 
proportional to the concentration of nanoparticles used.
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The dusky cotton bug (Oxycarenus spp.), a common pest of cotton, okra, and other plants of the Malvaceae family 
belongs to the family Lygaeidae. Species of Oxycarenus have been reported in Pakistan, India, Iraq, Myanmar, 
Malaysia, Cambodia, Vietnam, and Laos. This species, generally known as the cotton seed bug, lodge a similar 
niche in other cotton-growing areas of the world1. Smith and Brambila2 reported high population densities of 
dusky cotton bugs in Florida. Reports are also available confirming its presence in Turkey, Caicos, Bahamas, 
Cayman Islands3–5.

The dusky cotton bug is emerging as an important pest of cotton in various cotton-growing countries including 
Pakistan. The pest gets crushed in the ginning process and stains cotton lint with a pink color resulting in a low 
value of the product6. The introduction of Bt cotton has reduced the use of pesticides including organophosphate 
and pyrethroids, because of which the dusky cotton bug has emerged as a major pest of cotton in the last few 
years. Both mature as well as immature life stages of this pest damage the crop and reduce the yield, seed weight, 
and oil contents through sucking cell sap7. Sewify and Semeada8 reported a 32% reduction in cotton seed weight 
with 6% less oil production due to this bug. The viability of the seeds is also known to be reduced by this bug as 
it damages seed embryos9.

Cotton growers are heavily relying on insecticides against dusky cotton bug10. However, species of dusky 
cotton bug have shown high potential to develop resistance against several pesticides. Ullah, et al.11 reported 
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a 2–30-fold range of resistance in different field populations of Oxycarenus hyalinipennis to conventional 
insecticides including bifenthrin, lambda-cyhalothrin, triazophos, deltamethrin, profenofos, whereas, this 
range was between 5 and 46 for novel chemistry compounds including emamectin benzoate, nitenpyram, 
spinosad, imidacloprid, chlorfenapyr. Similarly, Ijaz and Shad12 predicted the risk of resistance development to 
spirotetramat. A field-collected population developed a 1230-fold spirotetramat resistance after selection of 19 
generations with spirotetramat when compared with the Lab population. Results showed that 11 generations 
would be required for a 10-fold increase in spirotetramat resistance with insect mortality of 50%. Besides this 
issue of resistance development, and increasing awareness regarding the harmful effects of pesticides, people all 
around the world are shifting from chemical-based agriculture to green agriculture. The green extract has been 
a great choice for researchers due to their marvelous insecticidal activities. Elrehawy and ElDoksch13 reported a 
remarkable insecticidal potential of C. Procera Latex and leaf extract. Kumar, et al.14 also explored the insecticidal 
activity of different extracts of C. Procera showing a significant lethality.

Nanotechnology has shown promising potential to support sustainable agriculture. Nano-pesticides are 
transforming crop production, enabling the development of a new generation of pesticides aimed at reducing 
negative environmental impacts while maintaining crop yields. Increased efficacy due to their reduced size, 
stability of formulations and enhanced bioactivity has made nano-pesticides popular in agriculture. Various metal 
and metal oxide nanomaterials have been checked against various crop pathogens and insects15–18. The green 
synthesis of nanoparticles has made them even more environmentally friendly than conventional nanopesticides 
manufactured through chemical procedures, due to their minimal residual and hazardous effects. Javaid, et 
al.19 used green synthesized silver nanoparticles from A. indica to control O. hyalinipennis. Shyam-Sundar, et 
al.20 developed eco-friendly approach for the biosynthesis of TiO2 Nanoparticle using Desmostachya bipinnata 
extract for larvicidal and pupicidal efficacy against Aedes aegypti and Spodoptera litura.

Titanium dioxide nanoparticles are receiving significant attention for their reported antibacterial, 
antifungal, UV-filtering characteristics, and extraordinary catalytic as well as photochemical activities21–23. 
Many researchers have also reported their positive effects on plant germination and growth24–26. Rajam, et al.27 
reported an increase of 20% in plant productivity when treated with titanium dioxide nanoparticles. Few reports 
are available on the effect of TiO2 nanoparticles on plant pests that includes studies by Gutiérrez-Ramírez, et 
al.28 against Bactericera cockerelli and reports of Hilal, et al.29 and Sabbour30 against Tribolium castaneum and 
Sitophilus oryzae respectively. This research was aimed to explore the synthesis of TiO2NPs by Calatropis procera 
latex and evaluate its efficiency in controlling. In the light of above stated facts, the present study was planned to 
explore the insecticidal efficacy of TiO2 nanoparticles synthesized from C. procera extract against Dusky Cotton 
Bug, as well as the effects of TiO2 NPs on mortality.

Results
Characterization of NPs using UV-Vis spectroscopy and SEM analysis
The optical properties of the synthesized TiO2 nanoparticles were studied through UV-Vis spectroscopy. 
Figure 1 shows the absorbance of the solution in the nano range at room temperature. The sample showed good 
absorbance at the UV region with a peak at 353 nm. The band gap of TiO2 has been calculated (3.2 eV) which is 
found to be in close approximation with the one reported in the literature31.

The surface morphology of the green synthesized TiO2 particles was characterized by SEM analysis as shown 
in Fig.  2. Figure  2 depicts the random shape of particles but as the image is magnified (Fig. 2) one can see 
the spherical shape of the particles with good dispersion. This type of behavior has already been reported in 
the literature32,33. In addition, less agglomeration of nanoparticles has also appeared, which may be due to the 
aggregation of TiO2 particles.

Fig. 1.  UV-vis spectrophotometric plot and Band gap of TiO2 nanoparticles. (A) UV-vis spectrophotometric 
plot showing the absorbance spectra of green synthesized TiO2 NPs. (B) Band gap of TiO2 nanoparticles from 
UV-Vis absorption spectroscopy by using Tauc Plot.
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XRD pattern
Before starting the XRD characterization of TiO2 nanoparticles, correction for background or instrumental 
broadening was done in a standard way by recording the diffraction pattern of the instrumental standard Silicon 
(Si) sample which contributes no sample related line broadening. The instrumental setup was identical to that 
used for recording the diffraction pattern of TiO2 nanoparticles. As TiO2 literature reports, the most prominent 
peaks have been found in 2θ range of 20° to 80° that is why this range was opted. The most optimum conditions 
for the X-ray diffractometer used in our case are providing the generator voltage 40 kV and tube current 40 mA 
keeping the scan step size was 0.02° and time as 4°/min. Figure 3 shows the XRD pattern of TiO2 nanoparticles. 
All the peaks have been found in good agreement with the standard reference pattern (JCPDS 89-4921)34–36. 
These nanoparticles belong to the anatase phase, of the tetragonal crystal system. One can see the characteristic 
peaks of TiO2 nanoparticles at the 2θ peak positions of 25.42° (110), 37.21° (103), 37.8° (004), 48.25° (200), 
62.87° (204), and 75.41° (215)34.

Evaluation of structural parameters
In literature, several models have been reported to evaluate the structural parameters, i.e. crystallite size and 
lattice strain. We used the Scherrer equation plot37, Williamson–Hall analysis (W-H)38,39, Size–Strain plot (S-
S)40,41, Halder–Wagner equation (H-W)42,43, and Wagner–Aqua plot (W-A)44,45 for the evaluation, and compare 
the values obtained by these methods.

Scherrer equation plot
The Scherrer method is one of the most used methods to calculate the crystallite size of a given specimen46. The 
general form of Scherrer equation is given as:

Fig. 3.  XRD pattern (a) and Scherrer plot (b) for TiO2 nanoparticles.

 

Fig. 2.  Scanning electron micrograph of green synthesized TiO2 NPs. (a) 500 X; (b) 7 kX.
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D = kλ

β cosθ

This method provides the crystallite size values for the most prominent peak. But in Scherre plot approach47,48, 
all the obtained peaks in the XRD pattern are taken into account. This is done by plotting β−1 (FWHM) as a 
function of cosθ for all the diffraction peaks considering the rearranged form Scherrer equation given as:

	
β −1 = D

kλ
(cosθ )

The slope of the fitted straight line gives the average value of the crystallite size of the specimen. Referring to 
Fig. 3 Scherrer Plot of TiO2 nanoparticles has been given. The straight line is fitted through the data points by 
the least-squares fitting method. The obtained value of D has been listed in Table 1.

Williamson-Hall analysis
W–H method has been widely used to determine the structural parameters considering both the contributors of 
peak broadening given as49,50:

	
β = β D + β ϵ = kλ

Dcosθ
+ 4ϵ tanθ

where β D  is the contribution from crystallite size following the Scherrer equation given above. On the other 
hand β ϵ is the contributing from lattice strain following the Wilson formula β ϵ = 4ϵ tanθ . The above 
expression is the general form of W–H analysis. We have carried out W–H analysis for TiO2 nanoparticles 
assuming all the models i.e. UDM (uniform deformation model), UDSM (uniform deformation stress model), 
and UDEDM (uniform deformation energy density model).

Uniform deformation model (UDM)
In this model, the lattice strain ε throughout the crystal structure is assumed to be uniform therefore the general 
equation of W– H analysis can be rewritten as:

	
β cosθ = kλ

D
+ 4ϵ sinθ

Plotting β cosθ  as a function of 4sinθ  followed by a statistical linear fit to the data points by the least-squares-
fitting method. The intercept of the plot on the y-axis will provide the value of crystallite size whereas the slope 
provides lattice strain ε (Fig. 4). The obtained values of D and ε have been given in Table 1.

Uniform deformation stress model (UDSM)
UDSM considers the anisotropic nature of the crystal presuming uniform lattice stress σ in all crystallographic 
directions following Hook’s law i.e. σ ∝ ε or σ = εE, where E (also written as Ehkl) is the modulus of elasticity51. 
Under these conditions, the general equation of W–H model becomes

	
β cosθ = kλ

D
+ σ

(4sinθ

Ehkl

)

Substituting the values of E for all the planes a plot is drawn between β cosθ  (along y-axis) and 4sinθ
Ehkl

 (along 
x-axis) in Fig. 4. The slope of the graph provided the value of strain (ε = σ

E  whereas y-intercept gave the crystallite 
size as given in Table 1.

Uniform deformation energy density model (UDEDM)
UDEDM being the third variant of W-H analysis presumes the energy density u given as ( u = Ehkl

2 ϵ 2 ) so the 
general equation of W-H analysis takes the form (Rosenberg, 2000):

	
β cosθ = kλ

D
+ 4sinθ

( 2u

Ehkl

) 1
2

Scherrer plot

Willamson-Hall analysis

Size-strain plot
Halder-Wagner 
plot

Wagner Aqua 
plotUDM UDSM UDEDM

D (nm) D(nm) ε (10− 4) D(nm) ε (10− 4) D(nm) ε (10− 4) D(nm) ε (10− 4) D(nm) ε (10− 4) D(nm) ε (10− 4)

56.293 39.8943 6.4537 44.6964 8.7273 40.5648 2.1527 69.2901 2.1269 54.4422 5.6509 46.4066 9.9309

Table 1.  Structural parameters obtained using Scherrer, W-H analysis, SS plot, H. Wagner and W. Aqua plot 
methods.
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Figure 4 shows the plot of β cosθ  vis a vis 4sinθ
(

2
Ehkl

) 1
2

 for TiO2 nanoparticles. Crystallite size (D) and 

strain ( ϵ =
√

2u
Ehkl

) were calculated from the intercept and the slope of the plot respectively and the obtained 

values have been tabulated in Table 1 as well.

Size–strain plot (SSP) model
The SSP model is a more reliable and suitable approach for the specimens with isotropic line broadening. This 
model is embodied in the mathematical expression41,52:

	
(dβ cosθ )2 = ϵ 2

4 + kλ

D

(
d2β cosθ

)

Figure 5 depicts the data points obtained by plotting d2β cosθ  values along the x-axis and (dβ cosθ )2 values 
along the y-axis for TiO2 nanoparticles. A linear fit to the data points provides the value of D and ɛ from the slope 
and y-intercept respectively (Fig. 5). The calculated values have been listed in Table 1.

Halder–Wagner plot
Another very good approach to calculating the structural parameters is the Halder–Wagner (H–W) model given 
by the following expression42,43:

	

(
β

tanθ

)2
= 16ϵ 2 +

(
kλ

D

) (
β

tanθ sinθ

)

Figure 5 shows the plot of 
(

β
tanθ

)2 along y-axis against ( β
tanθ sinθ

) along x-axis. A linear fit to the data points 
yields the values of D and ɛ from the slope and intercept of the graph respectively and are tabulated in Table 1.

Fig. 4.  UDM (a), UDSM (b), and UDEDM (c) plots for TiO2 nanoparticles.
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Wagner–Aqua model
Wagner and Aqua also devised an analytical approach to calculate the structural parameters using the following 
expression44,45:

	
(β cosθ )2 =

(
kλ

D

)2
+ (4ϵ sinθ )2

Figure 5 depicts the W–A model utilizing (β cosθ )2 vis a vis (4sinθ )2, in which straight-line fit to the data 
points will provide D and ɛ from the intercept and slope respectively also illustrated in Table 1.

Insecticidal activity bioassay
Green synthesized TiO2 NPs showed significant insecticidal activity against DCB when checked at their 2nd instar 
nymph, 4th instar nymph, and adult stage. The overall percentage of mortality was found directly proportional 
to the concentration of synthesized nanoparticles used (Tables 2, 3 and 4). At the highest tested concentration 
of 1500 ppm, after 96 h, percentage mortality remained between 90 and 95% with the highest in 2nd instar 
nymphs and the lowest in adults. Following this, lower concentrations of 1200 and 900 ppm also produced 
highly significant results. In 4th instar nymphs, 88% mortality was recorded after 96 h which was 83% higher 
than the control and 7% lower than the highest tested concentration of 1500 ppm. Percentage mortality was 
also found time dependent. The significance level of the treatments sharply increased between 24 and 48 h and 
after that, the rise in mortality was relatively slower. Nanoparticles in lower concentrations took a longer time 
to show highly significant results. Whereas the same efficacy was achieved earlier with higher doses, as a tested 
concentration of 600 ppm showed 71% mortality in 2nd instar nymphs after 96 h, but the same nanoparticles 
when used in 1500 ppm concentration caused an equal percentage of mortality just after 48 h (Table 2). Similarly 
in adults, 900 ppm concentration resulted in 70% mortality whereas with an increase in concentration to 1500 
ppm same mortality rate was achieved just after 48 h of post-treatment application (Table 4).

Fig. 5.  Size-Strain plot (a), Halder-Wagner plot (b), and Wagner-Aqua plot (c) for TiO2 nanoparticles.
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Discussion
Green synthesis of metal and metal oxide nanoparticles with bioactive potential has attracted many researchers 
in recent years and so a reasonable number of studies are available confirming the potential of these nano-sized 
insecticides against various insect pests. They can also alter the levels of a variety of enzymes and hormones, 
and delay the developmental processes in insects. This chapter focuses on the synthesis of nanoinsecticides, and 
their potential application and action mechanism in insects. However, few reports are available against the dusky 
cotton bug that has emerged as an important cotton pest with several reports of the development of insecticidal 
resistance in it. This study was therefore designed to investigate the potential of plant-based synthesized TiO2 
NPs against dusky cotton bug as no such earlier reports are available.

The synthesis of TiO2 NPs was initially confirmed by the color transformation of the solution to a white 
colloidal solution because of the reduction of Ti ions to TiO2NPs. This color change was also supported by 
previous reports53. Further confirmation of TiO2 NPs was done through UV-Vis spectroscopy. The spectra 
showed a peak at a wavelength of 350 nm, which was found in accordance with previous studies on the synthesis 
of TiO2 NPs54.

These biosynthesized TiO2 NPs showed significant insecticidal potential against dusky cotton bug. The effect 
was found directly proportional to the concentration of nanoparticles used and inversely proportional to the 
age of the insect pest. Javaid, et al.19 also reported a similar trend when the dusky cotton bug was exposed to 
silver nanoparticles. They reported that the highest tested concentration of 1250 ppm of silver nanoparticles 
reduced 4th instar by 91.95%; whereas 5th instar and adults showed a decrease in mortality with a percentage 

Concentration (ppm)

Percentage Mortality

24 h 48 h 72 h 96 h

300 4.03 ± 2.15k 5.56 ± 0.75k 9.83 ± 1.15j 12.73 ± 1.33i

600 8.89 ± 1.25j 18.89 ± 1.82h 34.47 ± 1.44f 51.49 ± 0.52 d

900 11.64 ± 0.72ij 33.33 ± 2.23f 51.26 ± 0.57d 70.54 ± 1.75 c

1200 20.67 ± 1.27h 42.63 ± 0.53e 70.48 ± 2.31 c 79.09 ± 2.15b

1500 28.93 ± 1.44g 70.17 ± 1.51c 79.76 ± 1.28b 90.62 ± 2.94a

Control 0 ± 0.00l 0.00 ± 0.00 l 0.00 ± 1.68 l 0.00 ± 1.54 l

Table 4.  Mortality of Oxycarenus Hyalinipennis adults caused by various concentrations of TiO2 nanoparticles 
synthesized by Calatropis procera latex at different time intervals. Data is presented as mean ± standard error. 
Means having the same letter are not significantly different.

 

Concentration (ppm)

Percentage mortality

24 h 48 h 72 h 96 h

300 3.94 ± 2.15no 5.17 ± 0.75n 11.09 ± 1.15lm 16.47 ± 1.33k

600 9.53 ± 1.25m 21.86 ± 1.82j 41.94 ± 1.44h 53.89 ± 0.52f

900 13.71 ± 0.72kl 35.73 ± 2.23i 58.54 ± 0.57e 68.07 ± 1.75d

1200 22.73 ± 1.27j 48.73 ± 0.53g 73.42 ± 2.31c 78.64 ± 2.15b

1500 32.64 ± 1.44i 69.48 ± 1.51d 81.26 ± 1.28b 91.53 ± 2.94a

Control 0 ± 0.00o 0.00 ± 0.92o 1.05 ± 1.68o 1.89 ± 1.54o

Table 3.  Mortality of Oxycarenus Hyalinipennis 4th instar caused by various concentrations of TiO2 
nanoparticles synthesized by Calatropis procera latex at different time intervals. Data is presented as 
mean ± standard error. Means having the same letter are not significantly different.

 

Concentration (ppm)

Percentage mortality

24 h 48 h 72 h 96 h

300 4.72 ± 2.15k 12.75 ± 0.75 j 20.72 ± 1.15i 27.26 ± 1.33 h

600 11.28 ± 1.25 j 29.73 ± 1.82h 54.33 ± 1.44f 71.27 ± 0.52d

900 15.64 ± 0.72j 39.14 ± 2.23g 65.48 ± 0.57e 85.03 ± 1.75b

1200 26.82 ± 1.27 h 52.96 ± 0.53f 77.49 ± 2.31c 88.15 ± 2.15b

1500 38.75 ± 1.44g 73.49 ± 1.51cd 88.19 ± 1.28b 95.62 ± 2.94a

Control 0 ± 0.00 k 1.06 ± 0.92 k 1.78 ± 1.68 k 2.52 ± 1.54 k

Table 2.  Mortality of Oxycarenus Hyalinipennis 2nd Instar caused by various concentrations of TiO2 
nanoparticles synthesized by Calatropis procera latex at different time intervals. Data is presented as 
mean ± standard error. Means having the same letter are not significantly different.

 

Scientific Reports |        (2025) 15:11102 7| https://doi.org/10.1038/s41598-024-82841-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


of 84.40 and 83.15% after 72 h of exposure. TiO2 NPs synthesized in the present study also showed comparable 
results to that of silver nanoparticles synthesized by Javaid, et al.19. However, the toxicity of nano silver is more 
documented55s whereas, TiO2 is a well-reported inert material used in many daily life products.

The insecticidal potential of nanoparticles has shown two basic mechanisms of action i.e., direct physical 
damage and oxidative damage. Earlier reports confirm that TiO2 NPs can generate reactive oxygen species56. 
Shyam-Sundar, et al.20 reported that green synthesized TiO2 NPs can increase the activity of detoxification 
enzymes and can cause histopathological changes in the midgut of S. litura.

Several comparative studies that investigated the potential of different metal NPs including TiO2 reported 
higher insecticidal activities when compared to other metal nanoparticles. Chakravarthy, et al.57 reported a 
higher potential to control Spodoptera litura by Nano-TiO2 than Cds and Nano-Ag. Similarly, in another study, 
the entomotoxic efficacy of TiO2 NPs was found significantly higher than aluminum oxide and zinc oxide NPs 
when tested against Sitophilus oryzae52. Hence this can be concluded that TiO2 NPs can be an effective and safe 
alternative for the control of crop pests regardless of their species.

Earlier studies also support the positive effect of TiO2 NPs on plant growth. In a recent investigation 
Gutiérrez-Ramírez, et al.28 showed an increase in the growth of tomato with the increase in photosynthetic 
activity, chlorophyll content, antioxidant enzyme activity, sugar, and amino acid contents in plants treated with 
TiO2 NPs. Similarly, Servin, et al.9 reported that Cucumis sativus L. grown in the presence of TiO2 NPs showed an 
increase in catalase and chlorophyll content of leaves and a significant increment in potassium and phosphorus. 
Keeping all these reports in view it can be stated that TiO2 NPs can be used as a safe source for controlling insect 
pests in crops like cotton.

Conclusion
The green synthesized TiO2 NPs under laboratory conditions showed a high insecticidal effect after 96 h, with 
over 90% mortality at a concentration above 1500 ppm to control 2nd Instar nymph of (Oxycarenus Spp.). 
Whereas in the case of 4th Instar 88% mortality was observed at an exposure of 96 h at the same concentration 
i.e., 1500 ppm. It can further be concluded that amorphous nano-TiO2 has been successfully synthesized from 
C. procera Latex and it exhibited encouraging results as a biogenic insecticide. However, more research is needed 
to study the possible implications of the use of TiO2 NPs for agricultural applications.

Methodology
Preparation of Calatropis procera extract
Latex was collected in a clean tube by breaking the C. procera stems, collected from botanical garden of University 
of the Punjab, Lahore, Pakistan. The obtained latex was diluted with distilled water (1:1, v/v). It was mixed well 
and then centrifuged at 15,000 × g at 4 °C for 10 min. It was separated into three layers: rubber, serum, and lipids.

Preparation of titanium dioxide nanoparticles from C. procera serum extract
Aqueous Titanium tetraisopropoxide (0.2 M) was added to 50 mL of 3% C. procera serum in (1:1). Then the 
mixture was stirred by a magnetic stirrer at the rate of 6000 rpm (approx. 4020 g) for one hour. Following this, 
the mixture was centrifuged at 4000 rpm for 20 min. The pellet was collected and washing was done to remove 
the impurities. pH of the solution was adjusted to 7 using 0.1 N sodium hydroxide and 0.1 N hydrochloride 
solution. After washing the pellet, the solution was again centrifuged at 4000 rpm (approx. 1780 g) for 20 min. 
The pellet was collected and the upper portion of the solution was discarded. The pellet was mixed with distilled 
water and placed in a hot air oven at 150 ℃ for 2 h. After complete drying, the pellet was then converted into 
fine powder (Fig. 6). The fine nanoparticle powder was stored at room temperature in an amber-colored sample 
vial till further use.

Characterization of NPs
The structural properties of the prepared nanoparticles were studied using an X-ray diffractometer (X’pert 
PANalytical) (CuKα radiation of wavelength 1.5406 Å) operating at 40 kV and a current of 40 mA. XRD patterns 
were recorded at a scan speed of 4°/min in the 2θ range 20° ─ 80°.

Collection and rearing of dusky cotton bug DCB
The dusky cotton bug (DCB) population was collected from the Cotton Research Area, Department of Plant 
Pathology, Faculty of Agricultural Sciences, University of the Punjab, Lahore, Pakistan during October 2023. 
The 2nd instar nymphs, 4th instar nymphs and adults58 used in this research were obtained directly from an 
organic cotton field where only yellow sticky traps were used for sampling and control resulting rare/minimal 
chances for cross-contamination between the different stages of insects, the collected insects were kept in glass 
petri dishes separately in Insecticides and Weedicides Resistance Laboratory, Department of Entomology, 
Faculty of Agricultural Sciences, University of the Punjab. The bulk population of the dusky cotton bug was 
reared in plastic jars (12 × 6 inches) which were covered with cloth to ensure air flow. The natural diet of cotton 
bolls comprising cotton lint and fresh twigs of cotton (Gossypium hirsutam Linnaeus) was provided. Fresh twigs 
were substituted for dried twigs thrice a week to keep the culture fresh. DCB F1 homogeneous population was 
obtained in the Insecticides and Weedicides Resistance Laboratory at 27 ± 2 °C, 60 ± 5% relative humidity, and a 
photoperiod of 14:10 (L: D) hours11.

Experiment layout
The TiO2 NPs were synthesized in the Department of Plant Pathology, Faculty of Agricultural Sciences, University 
of the Punjab, Lahore. The bioassay was performed at the Insecticides and Weedicides Resistance Laboratory, 
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Department of Entomology, Faculty of Agricultural Sciences, University of the Punjab, for the determination of 
efficacy of TiO2 against the 2nd and 4th nymphal instars, as well as adult DCB.

Evaluation of insecticidal activity
To investigate the efficacy of TiO2 NPs, the bioassay was performed by using the leaf dip method as described 
by Ullah, et al.11. The experiment was conducted using Complete Randomized Design (CRD) with three 
replications. Four concentrations (600, 900, 1200, and 1500 ppm) of TiO2 NPs were prepared and in control 
distilled water was used28. Leaf discs were prepared and dipped for 10 s in each concentration and were dried 
at room temperature for 2–3 h, before placing on petri dishes59. The size of the petri dish was 5 cm in diameter 
and these petri dishes were lined with filter paper (Whatman no. 1). To avoid desiccation, filter paper was kept 
moist under the leaves. Large leaves were utilized to completely cover the petri dishes. Fifteen adult DCB, ten 
2nd instar nymphs, and ten 4th instar nymphs were released in each Petri plate, and in each concentration, total 
of 80 DCB were exposed. There were 300 adults, 200 2nd instar nymphs, and 200 4th instar nymphs in total in 
this experiment. Cotton leaves were utilized in the control group, which were replicated three times with fifteen 
DCB, ten 2nd instar nymphs, and ten 4th instars in each Petri plate. The bioassay was carried out under typical 
lab conditions of 27 ± 2 °C, 60 ± 5% relative humidity, and a photoperiod of 14:10 (L: D) hours. DCB mortality 
data was collected after 24, 48, 72, and 96 h post-treatment application and considered dead if they did not move 
with the use of a fine camel hair brush11.

Data analysis
The data were analyzed statistically performing analysis of variance (ANOVA) and Duncan’s New Multiple Range 
test (DNMRT) at 5% level of significance using Excel software add in DSAASTAT developed by Onofri (Italy).

Data availability
Data is provided within the manuscript file.
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Fig. 6.  Scheme for the green synthesis of nanoparticles.
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