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Running title: Effect of green synthesized zinc oxide nanoparticles on fish tail fin regeneration 

 

 

Abstract: The present study explores the regenerative effects of green-synthesized zinc oxide nanoparticles (ZnO NPs), derived from 

pomegranate leaf extract, on tail fin regeneration in Gambusia affinis. Fish were subjected to tail fin amputation and exposed to varying 

concentrations (10, 20, and 30 µg/mL) of ZnO NPs over a 96-hour period. At lower concentrations, ZnO NPs enhanced regeneration, with 

10 µg/mL showing the most sustained effect. However, higher doses initially accelerated regrowth but later hindered the process, likely 

due to cytotoxic effects. The findings underscore the biomedical potential of plant-mediated ZnO NPs in tissue regeneration, while also 

emphasizing the importance of optimal dosing. 
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1. Introduction 
 

Green synthesis of nanoparticles has emerged as a promising 

alternative to conventional physical and chemical methods, 

due to its simplicity, sustainability, and eco-friendliness [1,2].  

Among various biological sources, plant-mediated synthesis 

using leaf extracts has gained popularity owing to the rich 

presence of phytochemicals such as flavonoids, tannins, 

polyphenols and alkaloids, which act as natural reducing and 

stabilizing agents during nanoparticle formation [3,4]. 

Pomegranate (Punica granatum) leaves extract has been 

widely recognized for its high content of bioactive 

compounds, including polyphenols, ellagic acid, and 

flavonoids. These phytochemicals facilitate the reduction of 

metal ions to nanoparticles with enhanced stability and 

biological properties [5,6]. Zinc oxide nanoparticles (ZnO 

NPs) synthesized using pomegranate leaf extracts exhibit 

excellent biocompatibility, antioxidant activity, and 

antibacterial potential [7]. Besides these activities, since these 

NPs are less or nontoxic as generated from edible plant 

material that has natural healing, antioxidant, anti-

inflammatory, tissue formation, and cell growth bio- potential 

[1, 2].  

 

Regeneration is a biological phenomenon where organisms 

have the ability to restore or replace damaged, lost, or 

amputated tissues, organs, or body parts. This process 

involves the reactivation of cellular mechanisms that promote 

tissue growth, ensuring the recovery of normal structure and 

function. The capability for regeneration varies across 

species; some organisms like certain amphibians and fish 

possess a remarkable ability to regenerate entire limbs or fins, 

while others may regenerate only specific tissues. 

Regeneration is not only crucial for survival after injury but 

also serves as an adaptive advantage, enhancing the 

organism's ability to maintain homeostasis and continue 

normal physiological activities [8]. Regeneration studies have 

become increasingly significant due to its potential 

applications in regenerative medicine, tissue engineering, and 

therapeutic approaches aimed at repairing human tissues or 

treating degenerative diseases. Studying organisms with 

strong regenerative abilities provides valuable insights into 

cellular behavior, gene expression, and molecular pathways 

involved in tissue renewal [9,10].  

 

Gambusia affnis (mosquito fish) is a small fish native to the 

fresh water.  Adult Gambusia are generally observed in 

shallow open waters while immature fish tend to aggregate in 

shallow vegetated areas. These Gambusia exhibit remarkable 

epimorphic regeneration capacity and has been extensively 

explored for regeneration studies due to its easy availability, 

low maintenance, easy manipulation and observation.  In 

aquatic organisms, particularly Gambusia affinis, tail fin 

regeneration is a vital indicator of physiological recovery and 

tissue repair mechanisms [11,12].  

 

The present study investigates the role of green-synthesized 

ZnO nanoparticles using pomegranate leaf extract in the 

regeneration of amputated tail fins in Gambusia affinis. The 

research aims to evaluate the concentration-dependent effects 

of these nanoparticles, assessing both their potential 

regenerative benefits and toxicological impacts over initial 96 

hours post amputation. This study provides foundational 

evidence on the potential of plant-mediated nanoparticles in 
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regenerative biology and contributes to the growing field of 

eco-nanomedicine. 

 

2. Material and Methods 
 

Collection and tail fin amputation of Gumbusia affinis  

Gambusia affinis were collected with the help of a fishing net 

from the lotus tank of the Sangamner Nagarpalika Arts, D. J. 

Malpani Commerce and B. N. Sarda Science College 

(Autonomous), Sangamner, Maharashtra. After getting the 

fish to the laboratory, same size fish were selected for the 

further study.  Fish were acclimatized in glass containers 

containing dechlorinated water for 24 hours (25 ± 2°C and pH 

7.0–7.5) before the tail fin amputation. Fish were fed twice 

daily with zooplankton, and water was renewed regularly to 

maintain optimum conditions. Tail fin amputation was carried 

out with precision to ensure consistency across all 

experimental fish specimens. A slide with single fish at a 

time, was placed on a graph paper for reference to accurately 

measure the amputation point. Using a sterilized sharp 

surgical blade, the tail fin was amputated, leaving exactly 2 

mm of fin tissue from the caudal peduncle [13]. A magnifying 

glass was utilized during the process to enhance visibility and 

ensure precision in cutting, avoiding unnecessary damage to 

surrounding tissues. After amputation, the fish were gently 

transferred to recovery tanks containing clean dechlorinated 

water and further exposed to the varied experimental 

treatments. 

 

Preparation of various treatment doses of ZnO NPs  

Characterized and confirmed ZnO NPs [7], fabricated using 

pomegranate leaves, were obtained from the Zoology 

Department of the college, carefully transferred into sterile 

labeled containers and transported under controlled 

conditions to ensure purity and stability of the same. Proper 

storage was maintained until further experimental 

application. A homogenous stock solution of ZnO NPs (1 

mg/mL) was prepared in autoclaved distilled water. The NPs 

were uniformly dispersed in the solution using a stirrer and 

used for preparing varied doses of ZnO NPs such as 10 

µg/mL, 20 µg/mL and 30 µg/mL, for treatment of fish with 

regenerating tail fins.  

 

The total volume of the solution in each beaker with or 

without NPs was 25 mL with 10 fish.  The beaker with tail fin 

amputated fish without any ZnO NPs served as controls. The 

process of regeneration was monitored and measured after 

every 24 hour, 48 hour, 72 hour and 96 hour. The treatment 

and regeneration was followed for 8 days post-amputation. 

Also, the rate of mortality in any beaker (control or treated) 

was recorded. Statistical analysis (one way ANOVA) of the 

observations was carried out to compare regeneration rates 

across different treatment groups. All the experiments were 

carried out at least thrice. 

 

3. Results  
 

The study evaluated the regenerative potential of green-

synthesized ZnO NPs on the regeneration of amputated tail 

fin of Gambusia affinis over a period of time in the 

comparison with the respective controls.  Control group 

(without ZnO NPs) exhibited natural regeneration with an 

average fin regrown length of 1.8 ± 0.2 cm by the end of the 

8-day post-amputation period. The fish group treated with 10 

µg/mL ZnO-NPs showed enhanced regeneration rate as 

compared to the controls, with a significant increase in fin 

regrowth measuring 2.8 ± 0.12 cm. Fish treated with either 20 

µg/mL or 30 µg/mL ZnO NPs exhibited an average regrowth 

of 2.3 ± 0.15 cm and 1.9 ± 0.18 cm, respectively.  

 

24 hour time point: During the observation period of 24 

hours, it was noted that in the control group, some fish 

exhibited remarkable tail fin regeneration, with the measured 

lengths within range of 0.2 cm to 1 cm (average 0.42 ± 0.17 

cm).  At the same time, a few fish in the control group also 

showed no noticeable regeneration within this time frame.  

 

The fish exposed to 10 µg/mL ZnO NPs also demonstrated 

regeneration rates (average 0.38 ± 0.11 cm) comparable to the 

controls (0.42 ± 0.17 cm), whereas fish treated with 20 µg/mL 

ZnO NPs exhibited tail fin regeneration with an average of 

0.32 ± 0.021 cm and at 30 µg/mL ZnO NPs dose, average 0.34 

± 0.08 cm were recorded (Figure 1).  

 

 
Figure 1: Regeneration of tail fins after 24 hours in either 

control, 10 µg/mL, 20 µg/mL or 30 µg/mL ZnO NP treated 

groups: Note more rate of regeneration in control at this 

stage as compared to other groups, though it was not 

statistically significant. 
 

48 hour time point: At the end of 48-hours post amputation 

of tail fins, notable variations in tail fin regeneration as 

compared to controls were recorded across the experimental 

groups. The length of the tails fins of control groups, on an 

average, was extended from 0.42 to 0.56 cm within these 24 

hours. This demonstrates a moderate level of natural 

regenerative capability in Gambusia affinis under standard 

conditions. Fish exposed to either 10 µg/mL, 20 µg/mL or 30 

µg/mL of ZnO NPs exhibited variable regeneration patterns 

as compared to first 24 hours readings (Figure 1), lengths 

shifting from 0.38 to 0.46 cm, 0.32 to 0.5 cm and 0.34 to 0.76 

cm, respectively (Figure 2).  In this way, notable regeneration 

was recorded in the 30 µg/mL ZnO NPs-treated fish, 

suggesting positive effect of green synthesized ZnO NPs on 

overall regeneration process at the highest tried dose.  
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Figure 2: Regeneration of tail fins after 48 hours in either 

control, 10 µg/mL, 20 µg/mL or 30 µg/mL ZnO NP treated 

groups: Note overall enhancement in the lengths of tail fins in all 

the groups with highest regeneration in 30 µg/mL ZnO NP treated 

group. 

 

72 hour time point: By 72-hour regeneration period, the ZnO 

NPs were found to elevate the regeneration process in all the 

treated groups as compared to the control.  Within 72 hours, 

the amputated tail fins (0.2 cm) were found to regenerate the 

lost fins up to 0.61 cm in control group, 0.8 cm.in 10 µg/mL 

ZnO NPs-, 0.78 cm in 20 µg/mL ZnO NPs- and more than 1 

cm in 30 µg/mL ZnO NPs-treated groups.  In this way the 

pattern of highest regeneration at highest tried concentration, 

observed at 48 hours continued till 72 hours and was 

statistically significant as compared to other groups (Figure 

3).   This may be due to increased bioavailability and 

stimulatory effects of the nanoparticles at elevated 

concentrations. 

 

 
Figure 3: Regeneration of tail fins after 72  hours in either 

control, 10 µg/mL, 20 µg/mL or 30 µg/mL ZnO NP treated 

groups: Note overall enhancement in the lengths of tail fins 

in all the treated groups with highest regeneration in 30 

µg/mL ZnO NP treated group. 

 

96 hour time point: At the end of 96-hour observation 

period,   distinct differences in tail fin regeneration patterns 

were observed among the control and ZnO NP treated groups 

of Gambusia affinis. At this time point the average length of 

regenerated tail fins in the control group were found to 0.87 

(± 0.28) cm which were comparable with the 20 µg/mL ZnO 

NPs-treated group (0.96 ± 0.02 cm). On the contrary, 10 

µg/mL ZnO NP- and 30 µg/mL ZnO NP-treated groups, 

demonstrated statistically significant enhanced regeneration 

capacity with 1.45 ± 0.05 cm and 1.4 ± 0.23 cm, respectively.   

 

ZnO NPs may exert a stimulatory effect on cellular 

proliferation, possibly through the activation of growth 

factors, enhanced fibroblast activity, or modulation of 

reactive oxygen species (ROS) at non-toxic levels, thereby 

promoting tissue repair and regeneration. When the average 

tail fin length enhancement from 72 to 96 hours for 20 µg/mL 

(0.78 to 0.96 cm) and 30 µg/mL ZnO NPs (1.03 to 1.4 cm) 

appeared to be comparable to the control during this period 

(0.61 to 0.87 cm) whereas 10 µg/mL ZnO NPs seemed to 

enhance tail fin length gradually in a remarkable manner 

throughout with a major shift from 0.8 cm to 1.4 cm in these 

last 24 hours. The lack of regeneration enhancement at higher 

doses may have gone down with time due to either onset of 

cytotoxic effects or attributed to a balance between 

stimulatory and inhibitory mechanisms, where mild toxicity 

begins to counteract the beneficial proliferative effects 

observed at lower concentrations. 

 

 
Figure 4: Regeneration of tail fins after 96  hours in either 

control, 10 µg/mL, 20 µg/mL or 30 µg/mL ZnO NP treated 

groups: Note overall enhancement in the lengths of tail fins 

in all the treated groups with highest regeneration in 10 

µg/mL ZnO NP treated group. As compared to earlier time 

points, less enhancement of tail fin lengths were recorded in 

20 µg/mL and 30 µg/mL ZnO NP-treated groups. 

 

Mortality check of ZnO NPs: Though the ecofriendly 

synthesized ZnO NPs were found to accelerate tail fin 

regeneration process significantly, in order to check the 

mortality induced in Gambusa affinis due to these NPs, live 

and dead animals were counted at the end of the experiment.   

About 30% mortality was recorded in both control and 10 

µg/mL ZnO NP-treated groups, suggesting 10 µg/mL ZnO 

NP to be a non-lethal and safe dose for the animals. On the 

other hand, near about 50% and 80% deaths of Gambusia 

affinis occurred at 20 µg/mL and 30 µg/mL ZnO NP-treated 

groups, respectively. Thus, the ZnO NPs generated using 

pomegranate leaf extract appeared to have beneficial and non-

lethal effects at lower doses.  

 

4. Discussion  
 

The present study explored the impact of green synthesized, 

using pomegranate leaf extract, ZnO NPs on the tail fin 
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regeneration of Gambusia affinis. The pomegranate leaf 

extract acted as both a reducing and stabilizing agent, making 

the NPs more biocompatible [7]. Gambusia affinis is known 

for its ability to regenerate tail fin, for which it has been 

explored in many regeneration studies [11,12]. The findings 

of the present work revealed that at lower concentrations, 

particularly at 10 µg/mL, the fabricated ZnO NPs 

significantly enhanced the rate of tail fin regeneration as 

compared to the control group. These positive effects on the 

regeneration ability are likely due to the essential role of zinc 

ions in promoting cell proliferation, collagen synthesis, and 

tissue repair [14]. Additionally, the presence of bioactive 

compounds like flavonoids and polyphenols in the 

pomegranate extract may have contributed to reducing 

oxidative stress at the wound site, creating a favorable 

environment for regeneration [6]. 

 

The baseline regeneration, observed in the control group, is 

indicative of the species' intrinsic healing mechanisms 

without any exogenous stimulation. Exposure to green-

synthesized ZnO NPs may have influenced the overall 

regenerative processes by modulating oxidative stress levels, 

promoting cellular proliferation, and enhancing antioxidant 

defenses [15]. However, their effects were found to be highly 

dose-dependent. Green-synthesized ZnO NPs using 

pomegranate leaf extract can enhance tail fin regeneration in 

Gambusia affinis through multiple biological mechanisms. 

These nanoparticles are thought to combine the benefits of 

zinc ions (Zn²⁺) and bioactive compounds from pomegranate 

leaves, contributing to faster and more efficient tissue 

recovery. ZnO NPs provide Zn²⁺ ions, which are essential for 

cell division and tissue formation, along with activation of 

matrix metalloproteinase (MMPs) that help in tissue 

remodeling and regrowth [16]. The proliferation of fibroblasts 

and epithelial cells promoting new tissue formation, and 

simultaneous reduction in oxidative damage, preventing 

apoptosis in the regenerating tissue, is achieved by ZnO NPs 

[17]. Pomegranate leaf extract contains flavonoids, tannins, 

and phenolics, which neutralize reactive oxygen species 

(ROS). Anti-inflammatory properties from pomegranate 

bioactive compounds might aid in maintaining balanced 

immune response, preventing tissue damage [5,6]. ZnO NPs 

have strong antimicrobial properties, preventing bacterial 

infections that could slow regeneration [7, 18]. This is crucial 

in aquatic environments where open wounds are vulnerable to 

microbial contamination [19]. ZnO NPs are known to 

stimulate the production of vascular endothelial growth factor 

(VEGF), leading to increased blood vessel formation [7].  

Enhanced blood supply improves oxygen and nutrient 

transport, accelerating fin regrowth. ZnO NPs may enhance 

the Wnt/β-catenin signaling pathway, a key regulator of tissue 

regeneration in fish. Zinc influences gene expression related 

to fin regeneration, ensuring proper differentiation of new 

cells [20].   

 

However, at the highest concentration tested (30 µg/mL), the 

regenerative capacity decreased, accompanied by increased 

mortality. This indicates a concentration-dependent effect, 

where optimal doses of ZnO NPs stimulate regeneration, but 

excessive levels lead to cytotoxicity. High concentrations of 

ZnO NPs are known to release excess zinc ions and generate 

reactive oxygen species (ROS), causing oxidative stress, 

cellular damage, and apoptosis [21]. Similar outcomes have 

been observed in other aquatic species exposed to elevated 

nanoparticle concentrations [22]. The green synthesis 

approach appeared to mitigate some toxicity compared to 

chemically synthesized nanoparticles, owing to the protective 

role of plant-derived phytochemicals [1,2,7]. Overall, the 

study suggests that green synthesized ZnO nanoparticles, 

when used at appropriate concentrations, can effectively 

enhance tail fin regeneration in fish. Nevertheless, careful 

consideration of dosage is crucial, and further research is 

needed to understand the underlying molecular mechanisms 

driving this regenerative effect. The higher concentrations of 

ZnO NPs may release more zinc ions which could induce mild 

cytotoxicity, affecting cellular activities necessary for proper 

fin regeneration. 

 

5. Conclusion 
 

The present study demonstrates that green-synthesized zinc 

oxide (ZnO) nanoparticles, mediated by pomegranate leaf 

extract, significantly enhance tail fin regeneration in 

Gambusia affinis in a concentration-dependent manner. 

While the control group exhibited normal fin regeneration 

within 8 days, exposure to increasing concentrations of ZnO 

nanoparticles (10 µg/mL, 20 µg/mL, and 30 µg/mL) resulted 

in accelerated fin regrowth within the same time frame, 

indicating the promotive effect of ZnO nanoparticles on tissue 

regeneration. However, higher concentrations also exhibited 

increased fish mortality, suggesting potential cytotoxicity at 

elevated levels. These findings highlight the dual role of 

green-synthesized ZnO nanoparticles in promoting fin 

regeneration while underscoring the importance of optimizing 

concentration to minimize adverse effects. To date, very few 

studies have explored the effects of green-synthesized ZnO 

nanoparticles on regeneration process, highlighting their 

potential biomedical potentials.  
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