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This study presents an innovative, eco-friendly approach to rodent deterrence through sodium alginate-based 
microencapsulation of citronella oil, designed to enhance its stability, longevity, and efficacy against house rats (Rattus rattus 
Linnaeus). Microcapsules containing 3%, 4%, and 5% oil were incorporated into bait at 5%, 10%, and 20% concentrations and 
assessed for antifeedant and repellent activity under controlled laboratory and simulated storage conditions. The 5% oil 
microcapsules, delivered at 20% bait concentration, demonstrated the highest and most sustained antifeedant response, 
achieving 90.62% deterrence maintained across all 7 days. Repellency consistently ranged from 77.05% to 92.23%, with the 
5% formulation outperforming the others throughout the exposure period. Maze assays confirmed a strong behavioural 
avoidance, as rats markedly reduced their presence in treated zones. Under simulated storage conditions, jute bags containing 
wheat grains and sprinkled with 5% oil microcapsules showed significant reductions in grain loss, spillage, and bag damage for 
up to 10 days. Effects peaked on day 2 and remained functionally effective thereafter. This work highlights microencapsulated 
citronella oil as a promising, sustainable, and non-toxic alternative to chemical rodenticides, offering an innovative strategy for 
protecting stored commodities and mitigating rodent-related losses. 

Keywords: Behavioural avoidance, Eco-friendly rodent management, Essential oil formulation, Plant-derived bioactive 
compounds, Sustained release technology  

During storage, food grains are highly vulnerable to 
damage from insects, rodents, and microorganisms, 
leading to substantial quantitative and qualitative 
losses. Recent estimates in India have revealed about 
10% of total food grain production losses at post-
harvest stages1,2. Globally3-5, grain loss due to rodents 
during the post-harvest period has been estimated at 
5–40%. Among rodent pests, the house rat (Rattus 
rattus Linnaeus) is one of the most notorious and 
widespread commensal rodents globally6,7. Beyond 
direct consumption losses, these rodents contaminate 
stored products through urine and faeces, posing 
significant zoonotic risks8-10. Thus, controlling rodent 
populations is critical to ensuring long-term food and 
public health security. 

The use of natural compounds presents a safe, eco-
friendly alternative to conventional rodent control 
methods11,12. Botanical extracts act either as primary 
repellents through unpleasant odours or as secondary 
repellents (antifeedants) that induce physiological 

discomfort upon ingestion, leading to learned 
avoidance13. Plant secondary metabolites (PSMs), 
such as essential oils; possess distinctive odours and 
tastes that naturally defend plants against pests. 
Numerous studies have demonstrated the potent 
repellent and antifeedant properties of PSMs against 
rodents14-18.  

Citronella oil, a light-yellow extract derived from 
the leaves and stems of the citronella plant 
(Cymbopogon spp.), is widely used in the food, 
flavouring, perfume, and refining industries. Though 
the mosquito-repellent properties of citronella oil 
have been well-documented19-24 reports on its 
antifeedant and repellent effects against rodents are 
limited. Inhalation of citronella oil, particularly β-
citronellol, has been shown to suppress appetite and 
food consumption by Sprague-Dawley rats25. The 
overwhelming scent of citronella oil has also been 
reported to stop feeding and avoid food sources by 
rats. Its strong repellent activity is attributed to 
volatile compounds such as citronellal, geraniol, and 
citronellol26. Citronellal, a major monoterpenic 
compound in citronella oil, has been studied for its 
central nervous system depressant and anti-
nociceptive properties in mice27. However, due to its 
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high volatility and sensitivity to light, oxygen, and 
temperature, citronella oil rapidly evaporates, limiting 
its long-term efficacy28.  

Microencapsulation offers a promising strategy to 
overcome these limitations. Microencapsulation of 
citronella oil has been explored for enhancing 
mosquito-repellent applications29-31. The limitations of 
essential oils, such as volatility, instability, and 
susceptibility to oxidation, are well discussed with 
possible solutions in Farina et al.32. Gel and alginate-
based carriers are increasingly being explored  
for the controlled release of essential oils in pest 
management33. Such encapsulation systems protect 
oils from rapid volatilization and extend their 
bioactivity34,35. For instance, alginate microcapsules 
loaded with eucalyptus oil have shown significant 
repellent and antifeedant effects lasting up to 15 days 
under simulated storage conditions36. 

Building on this foundation, the present study 
formulated sodium alginate–based microcapsules loaded 
with different concentrations of citronella oil and 
systematically evaluated their antifeedant and repellent 
efficacy against R. rattus. This approach not only 
enhances the stability and persistence of citronella oil 
but also introduces a novel botanical-based strategy for 
rodent deterrence. By demonstrating markedly 
prolonged repellency compared to free oil applications, 
which typically remain effective for only 1–4 days37,38 
the present study provides strong evidence for the 
advantages of controlled-release botanical formulations. 
The findings offer meaningful insights for researchers 
and pest management professionals aiming to integrate 
sustainable, eco-friendly alternatives into rodent 
management programs across agricultural, residential, 
and storage environments. Ultimately, such innovations 
have the potential to reduce reliance on toxic 
rodenticides, minimize environmental contamination, 
and support safer, more resilient pest control strategies. 

 
Materials and Methods 
Fabrication of microcapsules 

For the present study, pure citronella oil was 
freshly extracted from citronella grass (Cymbopogon 
winterianus) available at Punjab Agricultural 
University, Ludhiana (India) Campus, using a Soxhlet 
apparatus. Sodium alginate-based microcapsules 
incorporating 3%, 4%, and 5% concentrations of 
citronella oil (Fig. 1a & b) were prepared with slight 
modifications to the method of Chan39. The oil 
loading capacity and encapsulation efficiency of the 
alginate-based microcapsules are influenced by the 

concentration of sodium alginate, calcium chloride, 
and the cross-linking time. In this study, we used 1% 
sodium alginate, 0.5% calcium chloride, and  
20 minutes of cross-linking time. Sodium bicarbonate 
(1 g, 1% w/v) and the required concentration of 
citronella oil were dissolved in 100 mL of distilled 
water and stirred at 300 rpm for 15 minutes using a 
magnetic stirrer. Sodium alginate (1 g, 1% w/v) was 
then added, and stirring was continued at 300 rpm for 
1 hour. The resulting solution was transferred to a 
specially designed encapsulator and extruded 
dropwise into a 0.5% calcium chloride solution to 
form microcapsules. The microcapsules were allowed 
to harden for 30 minutes, then collected by sieving 
and dried. All the microcapsules were prepared in a 
single batch and stored carefully under refrigerated 
conditions, and used for experimentation within one 
month. The loading capacity and encapsulation 
efficiency of the microcapsules were determined 
following the methodology of Parris et al.40.  

 
Acclimatization of test animals 

Adult male house rats (R. rattus) having scrotal testes 
and body weight 140-160 g, were collected from poultry 
farms in Ludhiana, housed individually in cages and 
allowed an acclimatization period of 15–20 days, with 
food and water provided ad libitum. The diet comprised 
a loose mixture of cracked wheat, powdered sugar, and 
groundnut oil (WSO bait) in a 96:2:2 ratio. Following 
acclimatization, healthy rats were weighed and grouped 
(n = 6 in each group) for experimentation. Rats were 
used only once per trial and were not reused in 
subsequent experiments. All animal-related procedures 
were carried out in compliance with the guidelines and 
approval of the Institutional Animal Ethics Committee 
(IAEC), Guru Angad Dev Veterinary and Animal 
Sciences University (GADVASU), Ludhiana, as per the 
protocol approved (GADVASU/2019/IAEC/51).  

 
 
Fig. 1 — Typical appearance of microcapsules, (a) Fresh
microcapsules formed after hardening in calcium chloride solution,
and (b) Air dried microcapsules ready for experimentation. 
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Evaluation of the antifeedant effect of microcapsules 
Two large pens (each measuring 2.52×1.00×0.72 m 

and physically separated into three equal chambers 
using galvanized metal sheets) were utilized for these 
experiments. Each chamber was connected to two 
small boxes (measuring 0.20×0.15×0.15 m each) 
positioned on opposite outer sides, accessible through 
small openings (of 3 inches diameter) from inside. 
One rat was released into each chamber, six rats in 
total across the two pens, allowing free access to both 
the connected boxes. To evaluate the antifeedant 
effect, microcapsules containing 3%, 4%, or 5% 
citronella oil were incorporated into WSO bait, each 
at concentrations of 5%, 10%, and 20%. Separate 
trials were conducted for each oil and microcapsule 
concentration, using different groups of rats 
randomly. In each trial, bait (20 g) mixed with 
microcapsules was placed in a bowl inside the small 
box on one side of the chamber (designated as the 
treated side) and chosen randomly, while plain WSO 
bait (20 g) was placed in the box on the opposite side 
(untreated side). The position of treated and untreated 
bowls was changed daily to eliminate any positional 
bias. The experiment was monitored over 7 days, with 
bait consumption (g/100g body weight (bwt)) 
recorded every 24 hours and fresh bait replenished 
daily. After each trial, a resting period of 7 days was 
given during which the chambers were cleaned and 
disinfected properly to remove traces of previous 
odour. The antifeedant index (%) was calculated as 
per the formula described below: 

 
Antifeedant index (%) = 

bait  treatedofn Consumptio +bait  untreated ofn Consumptio

bait  treatedofn Consumptio -bait  untreated ofn Consumptio

100 
 
Evaluation of the repellent effect of microcapsules in 
laboratory cages 

Two laboratory cages (each measuring 
0.23×0.14×0.14 m) were interconnected to create a 
single experimental unit. One rat was released into 
each unit, allowing free movement between the two 
connected cages. A total of six such units (six rats in 
total) were used for each experiment. In both  
cages of each unit, plain WSO bait (20 g) was placed 
in bowls. Additionally, a separate bowl containing 
microcapsules (10 g) loaded with 3%, 4%, or 5% 
citronella oil was placed in one of the cages 
(designated as the treated side) chosen randomly, 
while the opposite cage served as the untreated side. 

Microcapsules kept on treated side were not part of 
the bait matrix. Empty microcapsules without any oil 
were not kept on the untreated side, the untreated bait 
served as the practical control. In each experimental 
unit, the position of the bowl containing 
microcapsules was changed daily to eliminate any 
positional bias. Separate trials were conducted for 
each oil concentration randomly, using different 
groups of rats. The effect of the treatment was 
monitored over 7 days. Bait consumption (g/100g 
body weight) was recorded every 24 hours, and bait 
was replenished daily. After each trial, a resting 
period of 7 days was given during which the cages 
were cleaned and disinfected properly to remove 
traces of previous odour. Per cent repellency was 
calculated as per the formula described below: 
 

BUT - BT
Per cent repellency = 100

BUT
  

 

Where, BUT is the mean daily bait consumption from 
the untreated side, and  
BT is the mean daily bait consumption from the 
treated side 
 
Evaluation of the repellent effect of microcapsules in a Maze 
experiment 

For this experiment, an I-Maze setup with two 
arms connected to a central hub was utilized. 
Microcapsules containing 5% citronella oil were 
randomly placed in one arm (designated as the treated 
zone), while the other arm remained empty (untreated 
zone). Each rat (a total of four male rats) was initially 
released into the central hub. Rat activity was 
continuously monitored using a camera-operated 
rodent behaviour test system (Ethovision, Netherlands) 
for two hours each day. During the first two days, 
each rat was acclimatized to the I-Maze for two hours 
daily.In next 3 days, rats were exposed to the treated 
arm containing the microcapsules (10 g)  
in a bowl. The position of the bowl containing 
microcapsules was reversed daily to eliminate any 
positional bias. After each trial with a rat, a resting 
period of 7 days was given, during which the arms of 
the maze were cleaned and disinfected properly to 
remove traces of previous odour. Data collection 
focused on several behavioural parameters: in-zone 
frequency, total duration spent in each zone (seconds), 
latency to first entry, total distance travelled (m), 
movement velocity (m/s), and total movement 
duration (seconds) in both zones. 
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Evaluation of repellent/antifeedant effect under simulated 
store conditions  

Four large pens (each measuring 2.52×1.00×0.72 
m) were utilized, with the three chambers (measuring 
0.84×1.00×0.72 m each) of each pen interconnected 
via a small hole of 3 inches diameter to allow a rat 
free access to all chambers. In two chambers located 
at opposite ends, metallic trays containing small bags 
of wheat grains arranged in two layers were placed. In 
one of these chambers, the bags were sprinkled  
with microcapsules containing 5% citronella oil 
(designated as the treated side) randomly, while the 
opposite chamber remained untreated. The position of 
the tray containing bags sprinkled with microcapsules 
was changed daily to eliminate any positional bias. 
The treatment effect was monitored over 15 days.  
Per cent repellency was calculated according to the 
formula described above. Spillage and consumption 
of grains (g/100g body weight), along with the 
number of bag cuts, were recorded every 24 hours. 

 
Statistical analyses 

Values are presented as mean ± SE. Data were 
collected through factorial experiments arranged in a 
completely randomized design and analyzed using  
the General Linear Model procedure in SPSS  
20.0 software. Pairwise treatment comparisons  
were conducted using Tukey’s test at a 5% level  
of significance. 

 
Results 
Loading capacity and encapsulation efficiency of microcapsules  

The oil loading capacity of microcapsules 
increased dramatically with higher oil concentrations, 
measuring 50% for 3% oil, 80% for 4%, and peaking 
at 94% for 5% citronella oil. However, encapsulation 
efficiency did not follow the same trend, with values 
of 8.3±0.1%, 10.0±0.1%, and 9.4±0.1%, respectively, 
suggesting optimal encapsulation performance at the 
4% oil level. Scanning electron microscopy revealed 
smooth textural characteristics for microcapsules 
without oil, while oil-loaded microcapsules exhibited 
crimped surfaces with lumps due to oil deposition. 

 
Antifeedant effect of microcapsules  

The antifeedant efficacy of citronella oil 
microcapsules varied with both oil and bait 
concentrations and exposure time. For 3% citronella 
oil microcapsules, strong antifeedant activity was 
observed during the first four to five days, peaking on 
day 2, followed by a marked decline. Average 
antifeedant indices ranged from 61.7% to 78.7% 

across bait concentrations (Fig. 2a; Table 1S). A 
similar trend was recorded for 4% citronella oil 
microcapsules, with higher initial activity than the 3% 
formulation and a gradual reduction after day 2. The 
average antifeedant index ranged from 72.3% to 
83.4% (Fig. 2b; Table 2S). Microcapsules containing 
5% citronella oil showed the strongest and most 
sustained effect. Although activity also peaked on day 
2 and declined over time, higher bait concentrations 
maintained comparatively greater efficacy. The 
average antifeedant index ranged from 77.5% to 
90.6% (Fig. 2c; Table 3S). Large variations in 
standard errors for most of the observations were due 
to both individual animals within a group that did not 
consume as much food as others, and daily variation 
within an individual across the 7 days. 

Overall, antifeedant activity increased with both 
citronella oil concentration (3% < 4% < 5%) and bait 

 
 
Fig. 2 — Comparison of the antifeedant effect of microcapsules
mixed in bait at different concentrations along different days of
exposure against Rattus rattus exposed in laboratory pens, (a) 
Microcapsules containing 3% citronella oil, (b) Microcapsules
containing 4% citronella oil, and (c) Microcapsules containing 5%
citronella oil. Values represent Mean ± SE (n = 6). 
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concentration (5% < 10% < 20%). The highest and 
most persistent efficacy was achieved with 5% 
citronella oil microcapsules applied at 20% bait 
concentration (Fig. 3). 

 
Repellent effect of microcapsules in laboratory cages 

The repellent efficacy of citronella oil 
microcapsules formulated at 3%, 4%, and 5% 
concentrations was strikingly evident throughout the 
7-day evaluation period (Table 1). At 4% and 5% 
citronella oil, a consistently and significantly lower 
average daily consumption of plain WSO bait was 
recorded on the treated side compared to the untreated 
side across all days, resulting in high repellency  
levels of 87.3% and 92.2%, respectively. At 3% oil 
concentration, although repellency was substantial 
during the first five days, ranging from 47.7% to 
94.4%, a reversal occurred after day 5, with bait 
consumption increasing on the treated side, indicating 
a drop in repellent effectiveness. 

Overall, the average repellency ranged from 77.0% 
to 92.9%, peaking at the 5% oil concentration (Fig. 4), 

clearly highlighting a dose-dependent response. Due 
to these promising results, the microcapsules were 
further assessed for their repellent potential in the 
Maze experiment and under simulated storage 
conditions to validate their practical application and 
sustained efficacy. 

 
Repellent effect of microcapsules in a Maze experiment 

Movement tracking analysis (Table 2) clearly 
demonstrated behavioural aversion of male R. rattus to 
the treated zone in the I-maze bi-choice test using 
microcapsules containing 5% citronella oil. Although no 
significant differences were observed in latency to  
first entry or velocity of movement between treated  
and untreated zones, spatial tracking data revealed 
significantly fewer movement tracks in the treated zone, 
confirming strong repellency. Significant reductions 
were recorded in key behavioural parameters, including 
in-zone frequency, total time spent (s), total distance 
moved (cm), and total mobility duration (s) between the 
treated and untreated zones. 

 

Fig. 3 — Comparison of the antifeedant index of microcapsules
containing different concentrations of citronella oil and mixed
in different concentrations in bait against Rattus rattus exposed
in laboratory pens. Bars with different superscripts (a-c)
indicate significant differences at P ≤ 0.05. Values represent
Mean ± SE (n = 6). 

 

 
 

Fig. 4 — Comparison of the repellent effect of microcapsules
containing different concentrations of citronella oil against Rattus 
rattus exposed in laboratory cages. Values represent Mean ± SE 
(n = 6). 
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Across the 3-day observation period, no overall 
differences in rat activity were detected within the 
treated zone. In-zone frequency was lower in the 
treated zone on day 2. The total time spent, total 
distance moved, and total mobility duration in the 
treated zone were significantly reduced on days 2 and 
3, though not on day 1. The daily assessments were of 
2 hours duration only, and the large variations in 
standard errors on most of the mean values were due 
to the small sample size (only 4 individuals) for this  
I-maze experiment. The consistent reduction in 
movement tracks and activity metrics over time 
highlights the progressive and sustained repellency 
effect of 5% citronella oil microcapsules. Movement 
tracking further confirmed this pattern, with 
noticeably fewer tracks recorded in the treated zone, 
reinforcing the strong repellent effect over time. 

 

Repellent effect of microcapsules under simulated store 
conditions 

Results (Table 3) showed significantly lower mean 
daily consumption of wheat grains (g/100 g bwt) from 
the treated side compared to the untreated side for up 

to 12 days. After day 12, consumption from the 
treated side increased, becoming significantly higher 
on days 14 and 15, indicating that the effect of 
microcapsules containing 5% citronella oil persisted 
for approximately 12 days. The overall mean daily 
consumption was significantly lower on the treated 
side (2.8±1.4 g/100 g bwt) than on the untreated side 
(7.5±1.3 g/100 g bwt). The average repellency was 
75.6%, peaking at 100% on day 2 and gradually 
declining to 0% by day 13. Grain spillage from  
bags was also significantly lower on the treated  
side for up to 10 days, with non-significant 
differences observed on days 11 and 12. By day 15, 
spillage was significantly higher on the treated side. 
Similarly, the number of bag cuts was significantly 
reduced up to day 10, after which differences 
diminished and later reversed (days 13–15). The size 
of cuts varied from 20 to 50 mm. Over the 15-day 
period, the treated side recorded significantly lower 
mean grain spillage (3.0±1.2 g ) and fewer bag cuts 
(1.8±0.7), with smaller cut sizes compared to the 
untreated side. 

Table 2 —Movements and activities of male Rattus rattus in response to microcapsules containing 5% citronella oil kept in a bi-
choice test under Maze experiment (n = 4) 

Parameters Treatment days Treated zone Untreated zone 

In-zone frequency 

Day 1 9.7±6.8 68.5±42.5 
Day 2 1.5±0.3 33.5±13.0* 
Day 3 4.2±2.9 65.5±42.0 

Average 5.2±2.1 55.7±9.7* 

In-zone total duration (s) 

Day 1 907.9±889.3 2692.0±889.3 
Day 2 22.6±9.6 4477.2±903.3* 
Day 3 14.0±5.4 3585.8±5.4* 

Average 314.9±256.8 3585.0±446.3* 

In-zone latency of first occurrence (s) 

Day 1 769.2±728.9 268.4±262.5 
Day 2 442.0±302.6 67.8±49.3 
Day 3 14.2±13.3 4.4±19.0 

Average 408.5±189.3 113.6±68.9 

Total distance moved (m) 

Day 1 52.3±50.2 182.9±70.3 
Day 2 1.1±0.7 173.8±104.0 
Day 3 3.2±2.1 225.7±44.5* 

Average 18.9±14.5 194.2±13.8* 

Velocity (m/s) of movement 

Day 1 0.1±0.0 0.7±0.5 
Day 2 0.1±0.0 0.2±0.0 
Day 3 0.2±0.1 0.2±0.0 

Average 0.1±0.0 0.4±0.1 

Total duration of mobility (s) 

Day 1 228.8±218.5 872.5±338.5 
Day 2 6.0±3.1 1766.1±1322.5 
Day 3 6.6±2.2 1152.1±334.2* 

Average 80.5±64.2 1263.6±228.5* 
Mean values are Mean ± SE, Mean values with * indicate a significant difference in rat activity between treated and untreated zones at P 
≤ 0.05 The daily assessments were of 2 hours duration only.  Large variations in standard errors on most of the mean values were due to 
the small sample size (only 4 individuals) for this I-maze experiment.  
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Overall, microcapsules containing 5% citronella oil 
effectively reduced feeding damage, grain spillage, 
and bag cutting by R. rattus for 10–12 days, after 
which reapplication is necessary to maintain 
protection. 

 
Discussion  

Despite the promising potential of plant essential 
oils, significant challenges remain, such as their 
volatility, poor water solubility, and susceptibility to 
oxidation due to various physical factors35. In a 
previous study38 we investigated the repellent effect 
of citronella oil against Rattus rattus at 5, 10, and 
20% concentrations applied weekly as a paint. 
However, the repellent effect was only observed on 
the first day of treatment. We also examined the 
persistence of the repellent effect of 5% citronella oil 
encapsulated in wax blocks under stored conditions, 
and found that the effect lasted for only 3-4 days37. 

In the present study, we encapsulated different 
concentrations of citronella oil into sodium alginate-
based microcapsules to achieve a slow, sustained 
release through the microcapsules' minute pores. The 
evaluation of the antifeedant and repellent effects 
against R. rattus revealed that microcapsules 
containing 5% citronella oil provided the maximum 

and most sustained effects, lasting throughout the 
entire 7-day experimental period. Under simulated 
indoor storage conditions, the application of 
microcapsules containing 5% citronella oil on wheat 
grain bags successfully reduced damage caused by  
R. rattus for up to 12 days. Thereafter, repellency 
gradually decreased, suggesting a time-dependent 
reduction in volatile release and/or sensory 
adaptation. The sustained but declining effect is 
consistent with the known volatility-driven mode of 
action of essential oils, where behavioural avoidance 
is closely linked to vapour concentration41,42.  
A similar study using alginate microcapsules 
containing varying concentrations of eucalyptus  
oil36 also demonstrated significant repellent and 
antifeedant effects with microcapsules containing 5% 
oil. This improved persistence aligns with findings in 
polymer encapsulation systems43.  

In the current study, a marked repellent effect of 
5% citronella oil microcapsules was also evident in 
the I-maze experiment. This aligns with a similar 
experiment by Kalandakanond-Thongsong et al.44, 
who studied the repellent effects of various oils, 
including chilli, wintergreen, bergamot, peppermint, 
and geranium, on adult male Wistar rats. Their  
results showed that rats spent significantly less time  

Table 3 — Efficacy of microcapsules containing 5% citronella oil in reducing damage caused by Rattus rattus under simulated 
store conditions (n =4) 

Days  of 
treatment 

Mean daily consumption of 
grains (g/100 g bwt) 

Spillage of grains from 
bags (g) 

Number of cuts on bags Percent 
repellency 

Treated 
side 

Untreated 
side 

Treated 
side 

Untreated 
side 

Treated 
side 

Untreated 
side 

 

Day 1 0.2±0.2 11.0±0.5* 0.2±0.2 10.7±0.5* 0.2±0.2 6.2±0.2* 98.6±1.4a 

Day 2 0.0±0.0 10.3±0.8* 0.0±0.0 9.2±0.5* 0.0±0.0 5.5±0.5* 100.0±0.0a 

Day 3 0.9±0.2 9.5±0.7* 1.4±0.2 9.2±0.6* 1.0±0.0 5.2±0.2* 90.2±2.0a 

Day 4 0.5±0.1 9.2±0.8* 1.4±0.2 7.5±1.0* 1.0±0.0 4.5±0.3* 94.0±0.8a 

Day 5 0.8±0.2 9.7±0.9* 1.1±0.1 9.2±1.1* 1.0±0.0 5.7±0.5* 91.6±2.4a 

Day 6 1.1±0.2 9.4±0.7* 2.4±0.2 7.9±1.0* 1.0±0.0 6.0±0.4* 88.1±2.5a 

Day 7 1.2±0.1 8.9±0.7* 2.0±0.4 6.2±0.6* 1.0±0.0 4.7±0.6* 86.8±1.2a 

Day 8 1.5±0.1 8.6±0.8* 1.7±0.3 7.1±0.8* 1.2±0.2 4.5±0.3* 81.5±2.1ab 

Day 9 2.2±0.2 7.3±0.7* 1.9±0.1 6.1±0.7* 1.5±0.3 3.5±0.5* 69.3±4.5ab 

Day 10 3.1±0.3 6.7±0.6* 3.5±0.3 5.8±0.5* 2.0±0.0 3.0±0.4* 52.1±8.7b 

Day 11 3.8±0.6 5.9±0.7 4.0±0.6 4.9±0.4 2.2±0.5 2.7±0.5 30.8±16.5b 

Day 12 4.8±0.6 5.6±0.3 4.5±0.6 4.9±0.6 2.7±0.2 2.2±0.2 24.4±9.2b 

Day 13 6.2±0.6 4.6±0.2 5.5±1.2 4.9±0.3 3.2±0.2 2.0±0.0 - 

Day 14 7.5±0.9 3.9±0.6 6.0±0.4 3.5±1.0 4.2±0.5 2.0±0.6 - 

Day 15 8.3±0.8 1.9±0.7 8.7±1.3 1.4±0.5 4.2±0.5 1.0±0.4 - 

Average 2.8±1.4 7.5±1.3* 3.0±1.2 6.6±1.2* 1.8±0.7 3.9±0.8* 75.6±13.0 
Mean values are Mean ± SE, Mean values with * indicate significant difference in respective parameters between treated and 
untreated sides at P ≤ 0.05, Mean values with different superscripts (a-b) indicate a significant difference among days at P ≤ 0.05 
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in the inner zone of the field exposed to repellents, 
suggesting avoidance behaviour due to the 
overwhelming scent. 

In the present study, the maximum antifeedant effect 
of different concentrations of citronella oil and 
microcapsules was observed on day 2 of exposure, 
indicating learned aversion, a behavioural phenomenon 
in which rodents develop a strong avoidance of a 
particular food source after experiencing an unpleasant 
consequence, such as nausea or discomfort, following 
consumption15. This form of conditioned learning occurs 
when rodents associate the taste or smell of a bait with 
negative experiences, leading to a reduction in their 
feeding behaviour toward that bait.  

From a health and safety perspective, citronella  
oil is widely regarded as having comparatively low 
mammalian toxicity and is commonly used in  
household products, topical repellents, and food-related 
applications45,46. When microencapsulated, controlled 
release further reduces direct exposure and enhances 
stability, improving user safety and environmental 
compatibility. Nevertheless, large-scale application 
requires careful evaluation of inhalation exposure, non-
target effects, and occupational safety under field 
conditions.  

The development and duration of aversion 
observed in this study suggest that citronella primarily 
functions as a spatial and contact repellent rather than 
a toxicant. The strong initial avoidance response, 
followed by gradual recovery of activity after 10–12 
days, indicates that repellency is concentration-
dependent and reversible. There is limited evidence 
that rodents develop true physiological resistance to 
plant essential oils, however, behavioural habituation 
or reduced sensitivity over time may occur if 
exposure levels decline below the repellent 
threshold41. In the present findings, decreased feeding 
and bag damage after day 12 likely reflect diminished 
volatile emission rather than recalcitrance or learned 
tolerance. This suggests that efficacy can be 
maintained through timely reapplication before 
repellency falls below an effective level. 

For practical implementation, farmers and storage 
managers should adopt a rotational or scheduled 
reapplication strategy, ideally at 7–10 day intervals 
under comparable environmental conditions, to 
sustain deterrence. Environmental factors such as 
temperature, ventilation, and humidity may accelerate 
volatilization and shorten effective duration. 
Therefore, field-based calibration of reapplication 
intervals is recommended. Integrating citronella 

microcapsules within broader integrated pest 
management frameworks, combining sanitation, 
proofing, and habitat modification, would likely 
maximize long-term effectiveness while minimizing 
reliance on toxic rodenticides. 

 
Conclusions 

Overall, microencapsulated 5% citronella oil 
represents a promising and safer tool for rodent 
management in enclosed storage conditions by 
reducing feeding damage without introducing 
persistent toxicants into the environment. However, 
further studies addressing cost-effectiveness, shelf-
life, large-scale field performance under varying 
environmental conditions, optimal dosing schedules, 
long-term behavioural responses and safety for 
humans and non-target organisms are essential before 
large-scale field deployment. 
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