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The misuse and overuse of pesticides can lead to crop contamination and accumulating pesticide 
residues in the food chain, raising serious public health concerns. This study assessed penconazole 
residue levels in grape samples from Gonabad’s vineyards and evaluated the associated human 
health risks. In 2022, grape samples were collected from 13 vineyards and analyzed. Penconazole 
levels in unwashed, water-washed, and disinfected grape samples were 0.256 (0.154–0.391) mg/
kg, 0.195 (0.094–0.335) mg/kg, and 0.051 (0.027–0.089) mg/kg, respectively. Although penconazole 
was detected in all samples, its concentration remained below the EU’s Maximum Residue Level 
(MRL) of 0.4 mg/kg. Washing and disinfection reduced penconazole residues by 23.8% and 80%, 
respectively, with the highest residues observed in unwashed grapes. The hazard quotient (HQ) values 
for unwashed, washed, and disinfected samples were below 1, indicating negligible non-cancer health 
risks for teenagers and adults consuming these grapes. These findings suggest that grape consumption 
poses minimal health risks related to penconazole residues. This study provides valuable insights 
into the effectiveness of washing and disinfection in reducing pesticide residues and highlights the 
importance of monitoring pesticide levels to ensure food safety.
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Fruits provide essential nutrients and vitamins for human health. However, plants may adsorb contaminants 
from water, soil, and air and accumulate them in their seeds and fruits, raising concerns about their safety and 
potential health risks. Different human activities, including industrial discharges, inappropriate waste disposal, 
and extensive use of pesticides and chemical fertilizers, have resulted in the pollution of the environment and 
eventually crops1–3. Pesticides cover different compounds, including insecticides, fungicides, herbicides, rodents, 
molluscicides, nematicides, and plant growth regulators4. These substances are universally used in agriculture 
to kill, repel, or control pests, diseases, and weeds, but their levels can persist in many farm-produced crops5,6. 
Different types of pesticides are used in various regions and nations to control pests, insects, and weeds on 
different types of agricultural products. Due to the expansion of global trade, more crops that are treated by 
pesticides are being imported into different nations7. Many factors affect the levels of pesticides in crops which 
are including the type of pesticide used, application methods, frequency of application, pre-harvest intervals, 
irrigation frequency, and climate and geology of the farming area5,8. Penconazole is a common fungicide used by 
many farmers around the world to control fungal pathogens on fruits and vegetables9–11. This systemic triazole 
fungicide is mostly applied by grape growers to protect them from fungal diseases such as powdery mildew and 
downy mildew12,13. The extensive application of this substance has raised particular attention due to its potential 
toxicity and persistence in the environment14. The use of fungicides in grapes is a conventional and ancient 
agricultural practice, which provides many advantages but, unfortunately, some disadvantages as well15–17. 
Penconazole is a widely used fungicide in Iran, and it is currently one of the most abundantly used pesticides 
in Iranian vineyards. However, improper use, overuse, or inadequate adherence to withdrawal periods may 
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eventually result in the presence of penconazole residues in harvested grapes, which can subsequently find their 
way into the food supply chain18–20. The consumption of grapes and their processed products contaminated with 
residual penconazole can cause serious health effects, ranging from short-term poisoning to chronic cumulative 
effects21–23. Scientists have reported that penconazole can interfere with hormone systems and potentially affect 
the endocrine system. It may also cause reproductive, developmental, and neurotoxic problems in animals14,24–28. 
The World Health Organization in 199229 and the European Food Safety Agency (EFSA)30 have proposed an 
acceptable daily intake (ADI) of 0.03 mg/kg body weight/day. Although there are limited human studies in the 
literature, these reports raise concerns about the potential risks linked to the consumption of grapes containing 
penconazole. Different grape types may show variations in residual pesticide concentrations due to variations 
in cultivation practices and susceptibility to pests. Considering these variations can help consumers in making 
choices that align with their preferences and concerns linked to pesticide exposure. The most common grape 
varieties in Gonabad are “Hosseini/Rishbaba (Vitis vinifera L.,c.v. Hosseini)”, “Asgari (Vitis vinifera L.,c.v. Asgari)”, 
and “Siah (Vitis vinifera L.,c.v. Siah)”. To combat grape powdery mildew disease, penconazole is applied via 
spraying three times throughout the growing season. The first application takes place towards the end of March, 
followed by two more sprays that depend on the amount of rainfall and temperature. Typically, these sprays are 
carried out in late April and May (about two months before the first harvest). The Hosseini variety was selected 
for analysis due to its regular consumption in a fresh state and its relatively brief interval between spraying 
and harvesting. Due to the health effects of pesticide residues in grapes, it is necessary to reduce pesticide use 
in agriculture. Unfortunately, the preventive methods of pesticide application have not been well-received by 
farmers and gardeners in Gonabad, we noticed a notable concern regarding the application of penconazole in 
the vineyards may not always be executed with the proper training and attention to detail. Our observations 
indicated that some gardeners might rely on external assistance for the application of penconazole, or they 
may acquire and utilize products solely based on recommendations from sellers, often lacking a comprehensive 
understanding of the product and its necessary application protocols. Since penconazole was the only pesticide 
reported to be used during the ripening period in the studied vineyards, monitoring its residue levels in grapes 
consumed by the local population is essential to ensure food safety and protect public health. This work aims: 
(1) to determine the residual concentrations of penconazole in the grapes that are consumed by the individuals 
and compare them with the existing limits, (2) to evaluate the effectiveness of two various washing methods in 
the reduction of penconazole residues, (3) to estimate the potential health risks associated with the consumption 
of grapes containing penconazole residues by using the Monte Carlo simulation and integrating the residue 
data, consumption patterns, maximum residual limits (MRLs), and toxicological reference dose. The finding 
of the present study provides useful information regarding the current state of contamination of grapes with 
penconazole. The results obtained in this study can also be used to develop strategies for regular management 
and monitoring of grapes for the safety of people consuming these agricultural products.

Materials and methods
Study area
Gonabad is situated at coordinates 34.3530° N, 58.6838° E, and lies to the south of Khorasan Razavi within the 
east of Iran. Encompassing an expanse of 5788 km2, its altitude rests at 1105 m above sea level. During the 2016 
census, its population stood at 40,773. In terms of climate, Gonabad is located in a semi-arid, arid zone, which 
borders a desert. The city typically experiences an annual precipitation of around 150 mm, while the average 
yearly temperature ranges between 16.4 and 17.3 °C. This city has been experiencing a severe drought crisis for 
the past 15 years.

Sampling technique
Grape samples were collected through a purposive sampling technique. Thirteen vineyards within the study area 
were randomly selected according to predefined criteria, including the cultivation of the Hosseini grape variety 
and the application of penconazole during the ripening period. From each vineyard, 3 trees were randomly 
selected, and from each tree, 2 bunches were picked, resulting in a total of 78 bunches. Weigh of grapes sampled 
in each vineyard was approximately 3.5 kg. Sampling was conducted during the first week of August. Immediately 
after sampling, the collected samples were carefully placed in clean polythene bags and then in cool box and 
transported to the laboratory. Upon arrival at the laboratory, the grapes were stored at freezing temperature for 
subsequent analysis within the same week. Locations of sampled vineyards are shown in the Fig. 1.

Washing of grape samples
To assess the influence of washing on pesticide residue concentration, the subsequent procedure was implemented: 
given that a significant portion of the community employs tap water as the main method for washing grapes, 
while only a minority resorts to disinfectant solutions, the grape samples from each vineyard were categorized 
into two distinct groups in the laboratory. The first set underwent a washing process using tap water (W), while 
the subsequent set was subjected to cleansing using a commercial disinfectant solution (D). The most popular 
commercial disinfectant was prepared by consulting with major pharmacies and stores within the city to prepare 
the disinfectant solution. The washing procedure followed the instructions for this particular product (the 
grapes were immersed in 1.25 mL of disinfectant per 1 L of water for 10 min). The chemical compound of the 
disinfectant encompassed deionized water, benzalkonium chloride, and cocoamidopropyl betaine.

Chemicals and reagents
Penconazole residues in grape samples were extracted using a modified QuEChERS method based on previous 
studies (El-Sheikh et al., 2022; Heshmati et al., 2020). All reagents used were of analytical grade. Penconazole 
standard (purity > 99%) was obtained from Sigma-Aldrich (Germany). Acetonitrile (C2H3N), sodium chloride 
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(NaCl), anhydrous magnesium sulfate (MgSO), Triphenylmethane (C19H16), Formic acid (HCOOH, 5%), and 
primary secondary amine (PSA) were purchased from Merck (Germany).

Extraction procedure
For the extraction of the penconazole in the grape samples QuEChERS method prescribed in previous studies 
was employed31,32. In this method, each grape sample (approximately 1 kg) was homogenized using a laboratory 
blender for 2 min until a uniform slurry was obtained. From this homogenate, 10 g was taken for analysis. Then, 
40 µL of internal standard (triphenylmethane, C19H16) was added to the 10 g sample and incubated at 4 °C for 30 
min. The volume of extract for clean-up was 0.5 mL.

Subsequently, 12 mL of acetonitrile, 1 g NaCl, and 0.5 g MgSO₄ were added. The mixture was vortexed at 
4000  rpm for 10  min. After centrifugation, the supernatant (organic phase) was transferred to a clean tube 
containing 1 g MgSO₄ and 0.5 g PSA, then vortexed again under the same conditions. Four milliliters of the 
clarified extract were transferred to a Falcon tube, and 40 µg/L of formic acid (5%) was added for stabilization 
before analysis.

Instrumental analysis and validation
For analysis of penconazole residue, 2 µL of the extract was injected into gas chromatography-tandem mass 
spectrometry (GC-MS/MS; Agilent 7890 A GC coupled with a 7000 Triple Quad MS, Agilent Technologies, 
USA). Chromatographic separation was achieved on an HP-5MS capillary column (30 m × 0.25 mm i.d., 0.25 μm 
film thickness). The injector temperature was set at 250 °C, and the oven temperature program was: initial 70 °C 
(held for 2 min), increased to 180 °C at 25 °C/min, then to 280 °C at 10 °C/min (held for 5 min). Helium was used 
as the carrier gas at a flow rate of 1.0 mL/min. The MS/MS detector operated in multiple reaction monitoring 
(MRM) mode with electron impact ionization (EI, 70  eV). The duration of sample injection, separation on 
GC column and detection was in the range from 25 to 30  min. The number of analytical replicates for the 
penconazole detection by GC was 3 replicates per grape sample.

The method was validated according to standard guidelines for analytical performance, demonstrating 
excellent linearity with a coefficient of determination (R²) greater than 0.998 over the concentration range 
of 0.005–2  mg/kg. The limit of detection (LOD) was determined to be 0.00352  mg/kg, while the limit of 
quantification (LOQ) was 0.01 mg/kg. Recovery rates for fortified grape samples at 0.05 mg/kg and 0.5 mg/
kg levels ranged from 89.7% to 94.3%, with relative standard deviations (RSDs) below 10%. These validation 
parameters underscore the method’s robustness and suitability for accurate quantification of penconazole 
residues in grape matrices.

Matrix-matched calibration curves were employed to account for potential matrix effects, prepared by spiking 
blank grape extracts with penconazole at seven concentration levels (0.005–2.0 mg kg⁻¹) in conjunction with 
the internal standard (triphenylmethane at 1 mg mL⁻¹ in acetonitrile). For mass spectrometric detection, the 
multiple reaction monitoring (MRM) transitions included a precursor ion at m/z 248.0, yielding product ions 
at m/z 157.0 (quantifier ion, collision energy [CE]: 22 eV) and m/z 192.0 (qualifier ion, CE: 12 eV), with dwell 
times of 50 ms per transition. The internal standard transition was m/z 243.0 → 182.0 (CE: 15 eV). The retention 
time for penconazole was approximately 15.4  min under these conditions, enabling reliable reproduction of 

Fig. 1.  Location of sampled vineyards in Gonabad (created using QGIS version 3.10.0-A Coruña ​h​t​t​p​s​:​/​/​q​g​i​s​.​o​
r​g​/​d​o​w​n​l​o​a​d​/​​​​​)​.​​​​
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the method on equivalent GC-MS/MS systems (Agilent 7890 A GC coupled with a 7000 Triple Quad MS). Key 
chromatograms for the lowest spiked concentration (LOQ level, 0.01 mg/kg) are provided in the Supplementary 
Materials (Figure S2).

Health risk assessment
Health risk was estimated by using the method proposed by the United States Environmental Protection Agency 
(US EPA). In the current study, non-cancer health risk associated with grapes containing penconazole was 
estimated using Eqs. 1 and 2, as follows:

	
EDI = C P enconazole × Wgrapes × F × D

BW × AT
� (1)

	
HQ = EDI

RfD
� (2)

Where EDI is expressed as the estimated daily intake of penconazole through grape consumption (mg/kg/d), 
C P enconazole shows the concentration of penconazole in each sample (mg/kg), Wgrapes is the average 
daily weight of grapes consumption in the study area (0.17 kg/day for teenagers, and 0.22 kg/day for adults), 
F represents the exposure frequency to pencozazole (90 days per year), D belongs to the exposure duration 
(17 years for teenagers and 55 years for adults), BW is the average body weight of investigated people (55 kg 
teenagers and 70 for adults), AT is the time duration of peoples exposure expressed in days calculated by F×D, 
and RfD is the oral reference dose of penconazole (0.8 mg/kg/day). HQs ≤ 1 indicate that adverse effects may 
not occur and thus can be considered to have a negligible health risk. If HQ is above 1 (HQs > 1), it shows an 
unacceptable health risk to consumers33.

Based on the detected residue levels and the characteristics of long-term dietary exposure, the chronic dietary 
risk was assessed in this study.

Monte Carlo simulation
Health risk assessments are the probability of adverse effects in the human body that take into account risk 
sources, exposure routes, and risk receptors. However, uncertainty is inherent in risk assessment, and uncertainty 
is explained as a lack of knowledge of the actual value of variables. Due to uncertainties, specific risk assessments 
must be considered with different approaches. The Monte Carlo simulation proposed by USEPA is a probability 
risk assessment method to characterize uncertainty by assessing health risks based on the range and statistical 
distribution of exposure variables34. The probability risk assessment method used in the current study takes 
into account the variability of the parameters and analyses the best-fit distribution with all possible values for 
exposure parameters using a Monte Carlo simulation with 100,000 iterations by MATLAB. The input variables 
change throughout the iteration, a new value is assigned to find the risk of each subpopulation, incorporating 
random elements during analysis. The percentile values obtained by the probabilistic approach, which show from 
a minimum to an extreme range of scenarios, are the 5th percentile representing the minimum or minimum 
risk scenario, and the 95th percentile representing the worst or extreme risk scenario35. The Q-Q plot shows 
the normal distribution for the residue concentration (Figure S1) and is taken into account for the normal 
distribution of other variables.

Ethics approval
This study did not involve human or animal participants; however, ethical approval was obtained from the Research 
Ethics Committee of Gonabad University of Medical Sciences, Iran (Approval No. IR.GMU.REC.1400.072 
see Figure S3 for Approval statement). The research was conducted in accordance with international ethical 
standards for plant studies. The investigated species, Vitis vinifera L., is classified as Least Concern on the IUCN 
Red List of Threatened Species. Therefore, the study fully complies with the IUCN Policy Statement on Research 
Involving Species at Risk of Extinction and the Convention on International Trade in Endangered Species of 
Wild Fauna and Flora (CITES). All grape samples were obtained from fruits that had already been harvested 
by local farmers for commercial sale. No plants were damaged, uprooted, or destroyed during the research. 
Written permission for sampling was obtained from the orchard owner, and verbal consent was confirmed in 
the presence of witnesses. Sampling was carried out exclusively during the farmers’ regular harvest period and 
aligned with standard agricultural practices.

Consent to participate
To uphold informed consent principles, study procedures were thoroughly explained to grape orchard owners, 
and verbal consent was secured in the presence of witnesses (see SM, p4).

Results and discussion
Occurrence of penconazole residues in grapes
Table 1 summarizes the penconazole residues (the average of three independent measurements) in the analyzed 
grape samples considered in this study in different washing scenarios. Penconazole residues were detected in all 
analyzed grape samples. The levels of penconazole in unwashed grape samples, in water-washed samples, and 
disinfected samples were 0.256 (0.154–0.391) mg/kg, 0.195 (0.094–0.335) mg/kg, and 0.051 (0.027–0.089) mg/
kg. Existing EU MRL (mg/kg) penconazole in Table grapes is 0.2 mg/kg. Hence, the European Union proposed 
an MRL for penconazole in grapes as 0.4 mg/kg36. In this study, the results are compared with 0.4 mg/kg limit. In 
all the grape samples, the detected penconazole levels were below the MRL established by European legislation. 
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For Iran, Iranian Research Institute of Plant Protection established 0.4 mg/kg MRL for penconazole in grapes37. 
All the samples had penconazole levels within Iranian MRL. Scientists have investigated the dissipation behavior 
of penconazole in some agricultural products such as tomatoes, peaches, plums, apricots, mango, and grapes38–41. 
Therefore, penconazole residues in crops and the environment should be monitored regularly. In a previous 
study, pesticide residues in grapes were investigated. In total, 29 pesticide residues were detected in grapes. 
Penconazole was found in 50% of the studied samples with concentrations ranging from 0.002 to 0.044 mg/
kg42. Mean levels of penconazole residues found in Italian and South African table grapes were 0.029 and 0.009 
mg/kg, respectively43. In another work, levels of penconazole pesticides in almost all the grape leaves and fruit 
samples were within the MRLs44. In a recent study, pesticide residues in 92% of samples of date fruits in Iran were 
following the national MRLs45. Concentrations of 172 pesticide residues in table grapes in Turkey were studied. 
One or more pesticide residues were found in 59.6% of the samples of grapes. 20.4% of the collected grape 
samples exceeded the EU MRLs46. Researchers in a systematic review and meta-analyses reported 0.67–1.43 mg/
kg fungicides in grapes6. Fungicide residues were found in 52.0% of the analyzed samples (currants, apples, and 
cherries) of Polish fruits. Based on the study, 50.20% of the samples had fungicide levels below MRLs and 1.7% 
above MRLs47. Fifty-one pesticide residues were found in the strawberry samples in Shanghai, China. Among the 
studied samples, levels of pesticide residues in 2.39% of the samples exceeded MRLs of the EU. The mean level 
of penconazole concentration in the strawberries was 27 µg/kg, with no sample above the MRLs48. Penconazole 
is hepatotoxic, damages cardiac oxidative, DNA, causes structural and functional testicular impairment in rats, 
and affects the growth and protein amount of Scenedesmus acutus41. It is also a possible thyroid carcinogen14.

Fig. 2.  Mean levels of penconazole residues in unwashed, washed and disinfected grape samples.

 

Code Levels Code Levels Code Levels

1Un 0.243 1 W 0.183 1D 0.042

2Un 0.281 2 W 0.254 2D 0.069

3Un 0.154 3 W 0.101 3D 0.027

4Un 0.184 4 W 0.129 4D 0.033

5Un 0.370 5 W 0.277 5D 0.077

6Un 0.164 6 W 0.094 6D 0.027

7Un 0.212 7 W 0.137 7D 0.040

8Un 0.198 8 W 0.176 8D 0.039

9Un 0.242 9 W 0.183 9D 0.047

10Un 0.391 10 W 0.335 10D 0.089

11Un 0.323 11 W 0.254 11D 0.065

12Un 0.371 12 W 0.250 12D 0.061

13Un 0.190 13 W 0.164 13D 0.046

Min. 0.154 0.094 0.027

Ave. 0.256 0.195 0.051

Max. 0.391 0.335 0.089

Table 1.  Occurrence of penconazole residue in grape samples (mg/kg). Un: unwashed, W: washed by tap 
water, D: disinfected samples.
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Fig. 3.  Non-cancer risk from penconazole exposure for (a) unwashed samples teenagers HQs, (b) unwashed 
samples adults HQs, c), washed samples teenagers HQs d) washed samples adults HQs, e) disinfected samples 
teenagers HQs, f) disinfected samples adults HQs, using Monte Carlo simulation.
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In another work in Shanghai, a total of forty-four, ten, ten, eighteen, and seven types of pesticides were 
found in strawberries, watermelons, melons, peaches, and grapes, respectively. The pesticide concentrations in 
95.0% of the selected samples were within MRLs recommended by China, and in 66.2% of the studies, samples 
were less than the EU MRLs49. In the Kampala Metropolitan Area in Uganda, 21 classes of pesticides were 
found in the fruit and vegetables analyzed50. In a study in Turkey, residues of 64 different pesticides were found 
in 3044 fruit and vegetable samples, in which 11.6% of samples were higher than the approved MRL level by 
the Turkish authorities51. Among the local fruits and vegetables in Incheon, Korea, 92.1% had no detectable 
residue levels, while 7.9% had residues, and 1.0% had residues higher than the Korean MRLs52. In a study in the 
southeastern region of Poland, pesticide residues were detected in 36.6% of the investigated fruits and vegetables 
in Poland. In 1.8%, residues were higher than MRLs53. In a research in Algeria, pesticide residues in fresh fruits 
and vegetables from domestic production and import were investigated, in 42.5% of the analyzed samples no 
residues were detected, and 12.5% of samples contained pesticide residues exceeding the MRLs54. Researchers 
studied pesticide residues among locally produced fruits and vegetables in Monze district, Zambia. Results 
showed detectable levels in 63.3% of the thirty analyzed samples, out of which 3 samples contained levels above 
the Codex Alimentarius maximum residual limit (0.1 mg/kg). However, all the fruits and vegetables had residues 
less than the Zambia Food and Drugs standard (0.5 ppm)55. In a study regarding pesticide residues in fruits and 
vegetables in Saudi Arabia, most of the pesticide residues were lower than the national Codex MRLs. The results 
also showed that 7.44% of the investigated samples contained residues above MRLs56.

Efficiency of washing and disinfection in the removal of penconazole residues from grapes
Several methods, including washing, immersing, peeling, husking, cooking, and sterilization, boiling, and 
frying, can reduce the concentrations of pesticides in fruits and vegetables31,57–59. Washing is the second 
suggested method for reducing pesticide residues in food57. In this study, the capability of washing with water 
and disinfection in the removal of penconazole residues from grape samples was investigated. Mean levels 
of penconazole residue are shown in the Figure. 2. As seen in the figure, the order of penconazole residue 
reductions, considering mean levels, is unwashed > washed by water > disinfected samples. Washing with tap 
water significantly reduced penconazole residues (R²=0.947), indicating that simple water rinsing is partially 
effective. The fungicide residues in washed samples were reduced by a mean of 23.8%, which indicates that the 

Fig. 3.  (continued)
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process of washing the grapes with water is partially efficient in removing the residue in the fruit. This is in 
agreement with previous studies60–62. Previous studies showed that water washing reduced pesticide residues 
in the ranges of 16–44%62, 31–70%63, 0–74%64, 47–53%65, 22%66, 30%67 and 27–41%68 in tomato samples. The 
efficiency of the washing process in the reduction of pesticide residues depends on chemical properties, mode 
of use, pesticide water solubility of the relevant pesticides, and harvest times69. Generally, it is reported that the 
pesticides remain in the outer wax-like layers of fruits and vegetables and then enter inside, making the washing 
process and elimination of the pesticides considerably impractical70,71. The washing process can decrease levels 
of pesticide residues in the fruits. In another research, scientists reported up to 48% removal of lufenuron when 
tomato samples were washed with a detergent67. The results of the two recent studies are less than the result of 
the present study, mainly due to the use of benzoalkanium in addition to a detergent, and also due to different 
study conditions.

In previous research, the reduction efficiencies of pesticides in grape samples using tap water and 
NaHCO₃ were studied. The removal of pesticides, including penconazole, hexaconazole, diazinon, ethion, and 
phosalone, after fifteen minutes of washing with tap water was 20.26%, 18.50%, 37.52%, 15.15%, and 16.59%, 
respectively31which is similar to the mean 23.8% reduction using water washing in the present study. In the 
case of NaHCO₃, the reduction of penconazole, hexaconazole, diazinon, ethion, and phosalone was found to be 
94.47%, 93.65%, 95.39%, 71.56 and 63.13%, respectively31. In the present work, the use of disinfectant washing 
(benzalkonium chloride and cocoamidopropyl betaine) resulted in 80% removal of penconazole from grape 
samples. Washing with disinfectant significantly reduced penconazole residues (R²=0.931). The increase in the 
removal of penconazole when a disinfectant is used in the current study is likely due to the partial elimination 
of the wax layer on the grapes where the fungicide is bound. Removal of the wax layer was also reported to be 
effective in pesticide removal, where tap water, sodium bicarbonate, and acetic acid were used on fruits and 
vegetables31. Studies have shown a range of 22–92% removal of pesticides when tomatoes were washed with 
sodium bicarbonate63,64,68,72.

Although the penconazole residue levels found in the present work are within the MRLs and close to those 
found in literature, the usage of pesticides in vineyards must not be increased. Using other non-chemical control 
measures for powdery mildew disease could therefore somewhat compensate for this problem.

Health risk assessment of penconazole through grape consumption
Grapes have a waxy cuticle that can make it difficult to wash away fungicide residues. This protective layer may 
also allow certain pesticides to seep into the fruit’s interior. Unlike many other fruits that are peeled before 
eating, grapes are typically consumed whole, including the skin. This means that people may be more exposed to 
any residual pesticides that remain on the surface. Therefore, there are serious concerns when people consume 
grapes contaminated with high levels of penconazole residues on a long-term basis. The results of non-cancer 
risk to penconazole based on grape intake for teenagers and adults are depicted in the Figure. 3(a-f). As seen in 
the figure, the 5th percentile, 95th percentile, and mean HQ values for all the studied samples, i.e., unwashed, 
washed, and disinfected, were < 1, showing no health risk associated with grape consumption containing 
penconazole for teenagers and adults.

In a previous study in Iran, the hazard quotient of all the studied pesticides, including penconazole, 
hexaconazole, diazinon, ethion, and phosalone, except diazinon, was lower than one, showing that the health 
hazard was negligible due to the exposure to these pesticide residues through grape consumption31. In another 
study, some pesticide residues were detected in some greenhouse products, including cucumber, cantaloupe, and 
melon sold in Iran. In their study, non-carcinogenic values were less than the safe limit (HQ/HI < 1) in adults 
and children. But a considerable carcinogenic risk was estimated for the products73. In an earlier study in Iran, 
levels of flupyradifurone, flupyradifurone and fipronil, and their associated human health risk were investigated. 
Based on their study, a negligible health risk was estimated for children and adults74. In a recent study in Iran, 
scientists reported no health hazards for the population of Iran from the consumption of date fruits45. In a study, 
consumption of fruits containing fungicide levels by the Polish population did not pose dangers to adult and 
children’s health47. Human health risks associated with the consumption of some vegetables and fruits containing 
pesticide residues were investigated in Gujarat State of India. They reported that 2.3% of the analyzed vegetables 
and fruits had pesticide residues above MRLs. However, the determined residue concentrations in samples were 
within safe limits, and their consumption did not pose any significant health risk to the consumers75. A study 
was carried out regarding residue concentrations and risk assessment of pesticides in nuts in China. The results 
showed that there was no significant health risk for the citizens consuming nuts76. In strawberries of China, the 
non-carcinogenic risk values were below 1, meaning that customers who are exposed to the average pesticide 
residue levels may not induce significant health risks48.

In many developing countries, effective preventive measures against pesticide residues are often limited due 
to budget constraints and the lack of strong regulatory frameworks. To reduce human exposure to harmful 
pesticide residues, it is essential to implement practical, knowledge-based approaches. These strategies include 
educating farmers about the correct dosage, safe application techniques, and appropriate pre-harvest intervals. 
Additionally, promoting alternative cropping systems and organic farming practices can make a significant 
difference. The use of biopesticides and natural pest control methods, combined with improved enforcement of 
pesticide regulations, can further decrease environmental and health risks.

The findings of this study have important implications for public health and agricultural policy. By 
quantifying penconazole residues in grapes under various washing scenarios, we provide concrete evidence 
of the effectiveness of common decontamination methods. The significant reduction in residue levels achieved 
through washing and disinfection underscores the value of simple, low-cost interventions for consumers.

This study contributes to ongoing efforts to enhance food safety and promote sustainable agriculture by 
demonstrating a clear link between post-harvest handling practices and reduced pesticide exposure. Our results 
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can guide policymakers, health authorities, and agricultural extension services in designing targeted strategies 
for pesticide management and public education.

Although this study yields actionable insights for stakeholders, its conclusions should be considered within 
the context of the following limitations. Detailed information on pesticide spraying practices, such as application 
dose, formulation, and phenological phase, was not available because gardeners in the study area typically 
outsource spraying activities to private agricultural companies. Therefore, our assessment was restricted to the 
actual residue levels present at harvest, rather than a direct evaluation of good agricultural practices. Finally, 
although a commercial disinfectant was included in the washing experiment to reflect local consumer practices, 
we did not measure the potential residues of its active biocidal compounds (e.g., benzalkonium chloride). 
Assessing such residues would require dedicated analytical methods and a separate risk assessment study. These 
limitations should be considered when interpreting the results, and future research is recommended to address 
them.

Conclusion
This research paper presents the results of a comprehensive analysis that includes the determination of 
penconazole residual levels in grapes, a statistical comparison between unwashed and washed methods, and an 
assessment of the health risks posed to consumers. We aimed to provide valuable insights into pesticide residues 
in grapes while supporting efforts to ensure food safety and protect public health.

The levels of penconazole found in unwashed grape samples, water-washed samples, and disinfected samples 
were 0.256  mg/kg (range: 0.154–0.391  mg/kg), 0.195  mg/kg (range: 0.094–0.335  mg/kg), and 0.051  mg/kg 
(range: 0.027–0.089  mg/kg), respectively. It can be concluded that penconazole residues in grapes grown in 
Gonabad were within the maximum residue limits (MRLs) proposed by the European Union.

The hazard quotient (HQ) values for all studied samples—unwashed, washed, and disinfected—were all less 
than 1, indicating negligible health risks associated with the consumption of grapes containing penconazole. 
Although the levels of penconazole and the associated health risks from grape consumption were determined to 
be negligible within the studied timeframe, all gardeners and farmers must receive the necessary training and 
education to ensure the proper and safe application of pesticides. This is crucial for maintaining the safety and 
well-being of everyone involved, as well as for the integrity of agricultural products.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.
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