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Abstract 
Zebrafish serve as a pivotal model for bioimaging and toxicity assessments; however, the 

toxicity of banana peel-derived carbon dots in zebrafish has not been previously reported. 

The aim of this study was to assess the toxicity of carbon dots derived from banana peel in 

zebrafish, focusing on two types prepared through hydrothermal and pyrolysis methods. 

Banana peels were synthesized using hydrothermal and pyrolysis techniques and then 

compared for characteristics, bioimaging ability, and toxicity in zebrafish as an animal 

model. Pyrolysis-derived banana peel and hydrothermal-derived banana peel showed blue 

emission under ultraviolet light, indicating excitation-dependent behavior. To test their 

potential application for bioimaging, a soaking method was used using zebrafish that 

showed fluorescence intensity in the eyes, abdomen, and tail of zebrafish. Toxicity 

comparison showed that pyrolysis-derived banana peel had lower toxicity with 50% lethal 

concentrations (LC50) of 1707.3 ppm than hydrothermal-derived banana peel (LC50 993 

ppm) in zebrafish. Both types of carbon dots showed significant differences (p<0.05) in 

hatching rates at 96 and 120 hours of exposure. Of the two methods for carbon dot 

synthesis from banana peel, the pyrolysis method had a higher toxicity threshold than the 

hydrothermal method, as indicated by the LC50 value and the number of zebrafish 

embryos that died, hatched delayed, and experienced malformation during their 

development. 

Keywords: Carbon dots, pyrolysis, hydrothermal, LC50, zebrafish 

Introduction 

Nanomaterials are increasingly vital in healthcare, particularly in medical imaging, disease 

diagnosis, and vaccine development [1-3]. Carbon-based nanomaterials, especially carbon dots, 

exhibit promising potential due to their high biocompatibility, visibility, light stability, minimal 

toxicity, and unique optical properties [4-6]. Carbon dots are widely utilized in nanomedicine, 

notably in drug delivery, bioimaging, and diagnostics [7-12]. Functionalization of carbon dots 

with biomolecules, such as antibodies and folic acid, enhances targeting and delivery efficiency 

[13]. Carbon dots have demonstrated improved efficacy and reduced toxicity in delivering drugs 

such as doxorubicin, curcumin, and 5-fluorouracil, a pH-responsive drug for cancer therapy [14-
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17]. In bioimaging and diagnostics, carbon dots provide superior brightness, biocompatibility, 

and photostability [7-11,18,19], enabling their use in cellular imaging, tissue visualization, and the 

detection of biomolecules and pathogens in biosensors [12,20]. 

Carbon dots are nanoparticles synthesized through various methods, including top-down 

and bottom-up approaches [21-23]. While chemical precursors are commonly used, there is 

increasing interest in eco-friendly and sustainable alternatives [24,25]. Natural precursors, such 

as biomass, food waste, and biofluids, offer a promising option due to their renewability, low cost, 

environmental friendliness, and superior biocompatibility [18,26,27]. Carbon dots derived from 

these sources are particularly suited for biomedical applications owing to their excellent 

biocompatibility [18,28-32]. In assessing biocompatibility, toxicity evaluation is crucial, with 

zebrafish (Danio rerio) emerging as a popular in vivo model due to its small size, optical clarity, 

low maintenance cost, and genomic similarity to humans [33-36]. Zebrafish are easily bred, have 

a short embryonic development period, and share over 70% of human genes, enabling rapid and 

reliable toxicity assessments [37-39]. Additionally, zebrafish have been utilized in various 

biomedical assessments, including gene therapy and bioimaging [34,40-46]. 

Numerous studies have utilized zebrafish for toxicity and bioimaging assessments 

[7,8,35,43,45,47-53]. Dias et al. conducted a nanotoxicity evaluation of carbon dots derived from 

kiwi, avocado, and pear, synthesized via the hydrothermal method, using zebrafish [47]. The 50% 

lethal concentrations (LC50) for kiwi, avocado, and pear-derived carbon dots were 1444, 1964, and 

2224 ppm, respectively, categorizing them as non-toxic in zebrafish and suitable for potential 

bioimaging applications [47].  

Carbon dots synthesized from banana peel have shown promise in bioimaging, antibacterial 

activity, and biosensing [18,26,28,54-56]; however, their toxicity in zebrafish has not been 

studied. To the best of our knowledge, no toxicity assessments of banana peel-derived carbon dots 

using zebrafish have been reported. Although carbon dots are generally considered safe for 

biological systems, further research is necessary to fully evaluate potential risks before 

widespread application [45]. Therefore, investigating the effects of these carbon dots on cells and 

organs is crucial, as current knowledge remains limited. 

The aim of this study was to assess the toxicity of carbon dots derived from banana peel in 

zebrafish, focusing on two types of preparations: through hydrothermal and pyrolysis methods. 

The potential application of these carbon dots as bioimaging agents was also evaluated. The 

findings highlight the advantages of green synthesis methods in producing carbon dots with 

reduced environmental impact and low toxicity, suggesting potential applications in 

pharmaceutical sciences. 

Methods 

Study design and setting 

Banana peels were synthesized into carbon dots using two types of synthesis methods: pyrolysis 

and hydrothermal. The carbon dots were then characterized physicochemically, including 

morphology and particle size, surface charge, optical properties, and functional group 

characterization. Carbon dots that have been characterized were then tested for biodistribution 

and toxicity in zebrafish embryos and larvae using the soaking method. A total of 20 embryos and 

larvae were used for bioimaging testing, and 140 embryos (12 hours post-fertilization (hpf)) were 

used for toxicity testing, with 20 embryos per concentration of carbon dot solution. Embryos were 

randomly selected with inclusion criteria including fertile and healthy embryos aged 12 hpf, while 

exclusion criteria included infertile embryos and embryos that did not develop.  

Sampling strategy and criteria 

The samples used in toxicity testing were zebrafish embryos aged 12 hpf, with the inclusion 

criteria being healthy fertile embryos aged 12 hpf. Healthy fertile embryos had spherical 

characteristics with a transparent interior. The exclusion criteria were infertile embryos and those 

not spherical in shape. The embryos were observed under a stereo microscope, randomly selected 

by blinded researchers from all embryos produced through zebrafish mating. The embryos were 

then randomly grouped and placed in a wellplate, containing five embryos per plate. The number 

of embryos used was 20 for each concentration of carbon dots solution; therefore, the total 
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embryos used were 140 embryos for seven concentrations of carbon dots tested. The number of 

embryos used and the toxicity testing procedures were in accordance with OECD guidelines [57].  

Zebrafish embryos that had been grouped in well plates were treated by soaking them in 2 

mL of different medium for 120 h and observed every 24 hours. The treatments given consisted 

of the control group which was soaked with E3 culture medium (0 ppm carbon dots solution) in 

a wellplate. The treatment groups 1 to 5 were soaked with carbon dots solution in E3 culture 

medium with varying concentrations: 125, 250, 500, 1000, and 2000 ppm. The positive control 

group was soaked in a 3,4 dichloroaniline solution. 

Banana peels preparation 

Banana peels (Musa paradisiaca L.) used in this study were sourced from the Jimbaran food 

market in Badung, Bali, Indonesia, and were botanically identified by the Indonesia National 

Research and Innovation Agency (BRIN). Bananas were separated from their skin and pulp, then 

washed and cut into small pieces to be used as materials in the synthesis of carbon dots.  

Synthesis of carbon dots via pyrolysis and hydrothermal methods 

For the pyrolysis method, 15 g of banana peel were ground, mixed with 100 mL of deionized water, 

and heated at 300°C for 30 min in a furnace, producing 5.90 g of black powder containing carbon 

dots (Figure 1). To synthesize the carbon dots through the hydrothermal method, 15 g of banana 

peel were finely ground, combined with 100 mL of deionized water, placed in a Teflon-lined 

autoclave, and heated at 135°C for 24 hours. After cooling to ambient temperature, the solution 

was filtered through a 0.22 µm syringe filter. The resulting brownish-yellow solution was vacuum 

freeze-dried (Labconco, Tokyo, Japan) for 48 hours to obtain a 0.14 g solid brown powder of 

carbon dots (Figure 1).  

Size and morphological analysis 

The size and morphology of the carbon dots were analyzed using a transmission electron 

microscope (TEM) (Hitachi HT7700, Tokyo, Japan). The TEM grids were prepared by placing 

carbon-coated copper grids into the carbon dot solution, air-dried, and then imaged at 120 kV. 

Particle diameters, approximately 100 particles, were measured using ImageJ software (National 

Institutes of Health and Laboratory for Optical and Computational Instrumentation, University 

of Wisconsin, United States). 

Optical characteristics  

The absorbance of the carbon dots was measured using a UV-Vis spectrophotometer (Shimadzu 

UV-1800, Tokyo, Japan) with a wavelength range of 200–800 nm, while the emission and 

excitation spectra were analyzed with a fluorescence spectrophotometer (Agilent Technologies, 

Inc., Santa Clara, California, USA) using 5 nm excitation and 5 nm emission slit widths. The 

fluorescence behavior was then evaluated by varying the excitation wavelength from 300 to 700 

nm at 25 nm intervals (Figure 1). 

Characterization of functional groups and surface charge measurement  

Functional groups of the carbon dots were characterized using a Fourier transform infrared 

(FTIR) spectrophotometer (Shimadzu IRPrestige-21, Tokyo, Japan), with the sample 

incorporated into a KBr pellet and analyzed in the 4000–500 cm⁻¹ range. After obtaining the 

absorbance values at the peaks of the FTIR spectra of the two carbon dots, the absorbance values 

were compared with the standard library, which showed the absorption in the functional group 

area. The surface charge of the carbon dots was determined using zeta potential analysis (Horiba 

SZ-100, Tokyo, Japan) by placing 1 mL of the sample in the zeta cell, with measurements 

replicated three times. 

Zebrafish embryo husbandry and breeding  

Forty to fifty adult zebrafish (0.4–0.6 grams; 4–5 months old), were obtained from a breeder 

based in Bogor, West Java, Indonesia, and were kept in 12 L tanks with a recirculating aquaculture 

system, maintained at 28°C with a 14:10 h light-dark cycle. A continuous water flow was provided. 

Zebrafish were fed commercial pellets three times daily. Adult zebrafish in a 2:1 male-to-female 

ratio were selected for breeding in a separate tank with a fish net to prevent egg consumption. 
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Spawning occurred upon exposure to light, and eggs were harvested at 4–5 hpf and analyzed 

under a stereo microscope Axiocam 208 Color (Zeiss, Oberkochen, Germany) at 1.575× 

magnification. The eggs were categorized as fertilized or unfertilized based on their visual 

appearance. Fertilized eggs were placed in 24-well plates with 2 mL of E3 medium and five 

embryos per well. 

Carbon dot fluorescence distribution in zebrafish embryos and larvae 

Zebrafish embryos and larvae (6 hpf and 84 hpf) were soaked in 2 mL of E3 medium containing 

125 ppm of banana peel carbon dots for 4 h in a 24-well cell-culture plate, with five embryos and 

larvae per well; a total of 20 embryos and larvae were used for this test. The embryos were 

cultured at 28°C with a 14:10 h light-dark cycle. After 4 h of soaking, the embryos were washed 

with E3 medium to remove residual carbon dots. Fluorescence images were captured using a 

confocal microscope (Olympus Fluoview FV1200, Tokyo, Japan) at wavelengths of 488 nm 

(green) and 405 nm (blue) (Figure 1). 

Acute toxicity assessment of carbon dots in zebrafish embryos 

Acute toxicity of fertilized zebrafish embryos (12 hpf) was assessed following the OECD Fish 

Embryo Acute Toxicity Test guideline (Test No. 236), with minor modifications [57]. Zebrafish 

embryos were exposed to banana peel-derived carbon dots (0, 125, 250, 500, 1000, and 2000 

ppm) for 120 h. Culture medium was used as the negative control, and 3,4-dichloroaniline served 

as the positive control. Five embryos were placed in each well of a 24-well plate, with 2 mL of the 

respective carbon dot solutions. Survival rates, malformations, and hatching rates were evaluated 

every 24 h by comparing the number of live embryos or hatched eggs in the experimental group 

to the control group under a stereo microscope (magnification 1.575×), with experiments 

replicated three times [37]. Embryo mortality was assessed based on four indicators: failure to 

develop body segments, absence of heartbeat, abnormal tail development, and egg coagulation 

[33,37]. The LC50 value was calculated using probit analysis by entering the number of fish that 

die at each concentration of carbon dots solution in the Excel probit analysis program; then the 

program calculated the LC50 value using a linear regression equation [58]. Embryos showing 

malformations or delayed hatching were observed under a stereo microscope and were 

euthanized by immersion in 100 ppm clove oil for 45–50 minutes [59-61] (Figure 1).  

 

Figure 1. Schematic illustration of fluorescent carbon dot preparation via pyrolysis and 
hydrothermal methods, along with toxicity and bioimaging assessments in zebrafish. 

Study variables 

The independent variable in this study was the concentration of carbon dots solution (0, 125, 250, 

500, 1000, and 2000 ppm) used in the soaking method, while the dependent variables were the 

intensity of fluorescence qualitatively in the biodistribution test and the number of dead zebrafish 

and zebrafish embryos that were delayed in hatching and malformations that occurred during the 

development of zebrafish for 120 h. The fluorescence intensity of carbon dots was visually 

assessed using confocal microscopy in the eyes, abdomen and tail of larvae, as well as in the 
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chorion of zebrafish embryos. The number of dead zebrafish was counted; malformed zebrafish 

during development were observed under a stereo microscope, and embryos that experienced 

delayed hatching were compared with the developmental reference of zebrafish embryos. 

Statistical analysis 

Continuous data were presented as mean and standard deviation (for normally distributed data) 

and median (minimum-maximum) for non-normally distributed data; categorical data were 

presented as frequency and percentages. The Shapiro-Wilk test was utilized to assess data 

normality. ANOVA and Tukey tests were used to assess survival and hatching rates. Toxicity 

assays were analyzed using the Probit model with Weibull distribution [58]. Minitab 21.1. 

(Minitab LLC., Pennsylvania, USA) was employed for data analysis, with p<0.05 considered 

statistically significant. 

Results 

Synthesis and characterization of carbon dots 

Banana peel carbon dots synthesized via pyrolysis and hydrothermal methods exhibited distinct 

characteristics. Organoleptically, pyrolytic banana peel carbon dots (P-CDs) were described as a 

black powder with an ashy odor, whereas hydrothermal banana peel carbon dots (H-CDs) were 

identified as a black hygroscopic powder with a caramel odor. The surface charge of P-CDs was -

49.8±1.01 mV, while H-CDs exhibited a surface charge of -22.7±0.67 mV. P-CDs had a smaller 

particle size (1.8±0.4 nm) compared to H-CDs (5.4±1.3 nm) (Figure 2A and Figure 2B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Molecule characteristics of synthesized pyrolytic banana peel carbon dots (P-CDs) and 
hydrothermal banana peel carbon dots (H-CDs). (A-B) Transmission electron microscope (TEM) 
images of synthesized carbon dots. The inset shows a particle size distribution graph of the carbon 
dots. (C) Comparison analysis of FTIR spectra between pyrolytic banana peel carbon dots (P-
CDs) and hydrothermal banana peel carbon dots (H-CDs). 

FTIR spectrum of P-CDs displayed a peak at 2972 cm−1, corresponding to the stretching of 

sp³ CH bonds (Figure 2C). Prominent peaks at 2360 cm−1 and 1566 cm−1 indicated the presence 

A 

C 

B 
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of C=O bonds, while peaks at 1396 cm−1 and 1311 cm−1 signified C=N bonds. Conversely, the FTIR 

spectrum of H-CDs revealed an apparent peak at 3630 cm−1, associated with combined hydroxyl 

(OH) groups (Figure 2C). A peak at 2978 cm−1 was attributed to sp³ hybridized carbon-hydrogen 

(CH) bonds. Additional peaks at 2349 cm−1 and 1705 cm−1 corresponded to functional groups 

containing C=O bonds. These distinctive optical and physicochemical properties defined H-CDs. 

The UV spectra of P-CDs and H-CDs revealed that maximum absorbance occurred between 

230 and 320 nm (Figure 3A). The absorption of visible light, spanning 350 to 550 nm, was 

primarily attributed to the surface functional groups of the carbon dots, while ultraviolet light 

absorption in the 230 to 320 nm range was associated with electronic transitions (π-π*) within 

the carbon core's C=C bonds. In both synthesis methods, under 365 nm UV light, the carbon dots 

in solution exhibited intense green fluorescence (Figure 3B).  

The photoluminescence spectra of the carbon dots, recorded at different excitation 

wavelengths from 300 to 700 nm (Figure 3B), revealed that P-CDs exhibited the highest 

photoluminescence intensity with a peak emission around 471 nm when excited at 365 nm. In 

contrast, H-CDs showed a maximum emission peak at approximately 441 nm (Figure 3B). The 

photoluminescence intensity increased with excitation wavelengths from 300 to 365 nm but 

gradually decreased when the excitation wavelengths exceeded 393 nm for pyrolysis and 374 nm 

for hydrothermal methods. These findings indicated that the synthesis method influenced the 

photoluminescence intensity and emission characteristics. 

An intriguing property of the banana peel carbon dots was their excitation-wavelength-

dependent emission spectrum (Figure 3C and Figure 3D). As excitation wavelengths increased 

from 300 nm to 700 nm, the emission peaks shifted to longer wavelengths (red-shifted). Due to 

their fluorescent properties, banana peel carbon dots hold potential for imaging applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Optical characteristic of banana peel-derived carbon dots. (A) Comparison analysis of 
UV-Vis absorption spectra. (B) Comparison of fluorescence excitation spectra and optical images 
of banana peel carbon dots solution under UV light at 365 nm. (C) Excitation-dependent emission 
behavior of pyrolytic banana peel carbon dots. (D) Excitation-dependent emission behavior of 
hydrothermal banana peel carbon dots. 
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Evaluation of banana peel carbon dots distribution in zebrafish embryos and 

larvae model 

The data revealed that the carbon dots exhibited strong fluorescence in the yolk sac, intestine, 

and eye lens of zebrafish embryos and larvae, but displayed weak fluorescence in the tail (Figure 

4). In zebrafish embryos, the carbon dots were confined to the perivitelline area and did not 

penetrate beyond the chorion, resulting in fluorescence primarily surrounding the embryo 

(Figure 4A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Distribution of banana peel carbon dots on zebrafish embryos and 84 hours post-
fertilization (hpf) larvae after treatment with 125 ppm of carbon dots. Brightfield and fluorescence 
images of zebrafish embryos after 4 hours of exposure. (A) 6 hpf zebrafish embryos. (B) Head, 
eye, and lens of 84 hpf zebrafish. (C) Tail of 84 hpf zebrafish. (D) Yolk sac and intestine of 84 hpf 
zebrafish. Observations were made using a confocal microscope with a 10x ocular lens. The white 
arrow indicates the perivitelline space, while the red arrow represents the relative position of the 
chorion. Ctrl: control; H-CDs: hydrothermal banana peel CDs; P-CDs: pyrolytic banana peel CDs. 
Scale bar 200 µm. 

Evaluation of the acute toxic effects of banana peel carbon dots on zebrafish 

embryo survival 

Malformations in zebrafish embryos were observed after 96 h of exposure (Figure 5). Notable 

malformations included eye malformations (eyepoint hypoplasia, asymmetrical eyes), pericardial 

edema, yolk sac malformations (edema, incomplete yolk sac depletion), tail malformations, and 

spinal curvature (scoliosis). The incidence of malformations increased in a concentration-

dependent manner. At 2000 ppm, the highest frequency of malformations was observed with P-

CDs, while H-CDs resulted in the highest frequency of malformations at 1000 and 2000 ppm 

(Table 1). 
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Figure 5. Representative images of zebrafish embryo malformations following exposure to 
banana peel carbon dots. Observations were made using a stereo microscope with a magnification 
of 1.575×, with a scale bar of 200 µm. Zebrafish embryos were exposed to the control E3 medium 
after (A) 24 h and (B) 96 h. (C) Coagulation of zebrafish embryos occurred following exposure to 
1000 ppm hydrothermal banana peel carbon dots after 24 h. (D) Zebrafish exposed to 1000 ppm 
pyrolytic banana peel carbon dots after 96 h. (E) Zebrafish exposed to 250 ppm pyrolytic banana 
peel carbon dots after 96 h. (F) Zebrafish exposed to 500 ppm pyrolytic banana peel carbon dots 
after 96 h. Zebrafish exposed to (G) 500 ppm and (H) 2000 ppm hydrothermal banana peel 
carbon dots after 96 h.  

Table 1. Embryotoxicity test of synthesized pyrolytic banana peel carbon dots (P-CDs) and 

hydrothermal banana peel carbon dots (H-CDs) using zebrafish animal test 

Embryonic defects P-CDs concentration (ppm) H-CDs concentration (ppm) 
125 250 500 1000 2000 125 250 500 1000 2000 

Yolk sac edema + - - + + - - - + + 
Yolk not depleted - - - + + - - - + + 
Tail malformation + + + + + - + + + + 
Pericardial edema - + + - + - - + + + 
Spinal curvature (scoliosis) - - + + + - - - + + 
Eye malformation - - - + + - - - + + 

+ corresponds the presence of malformation  
 

In addition to the observed malformations, the acute toxic effects were also reflected in 

survival and hatching rates. Zebrafish embryos were monitored for 120 h, with the number of 

A B 

C D 

E F 

G H 
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hatched and surviving embryos recorded and compared to the control and positive control groups 

(3,4-dichloroaniline). The survival rate of embryos decreased with increasing carbon dot 

concentration and prolonged exposure. For P-CDs, the survival rate was significantly lower 

compared to the control group (p<0.05), although exposure time did not significantly affect 

survival rates (Figure 6).  

Similarly, for H-CDs, survival rates were significantly lower compared to the control group 

(p<0.05), with statistically significant differences (p<0.05) observed at 96 and 120 h of exposure. 

The hatching rates of both P-CDs and H-CDs at concentrations of 1000 and 2000 ppm were 

significantly different (p<0.05) from the control group (Figure 7). Both types of carbon dots 

showed significant differences (p<0.05) in hatching rates at 96 and 120 h of exposure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6. Survival rate of zebrafish following exposure to different concentrations of banana peel 
carbon dots. Survival rates of zebrafish embryos exposed to (A) pyrolytic banana peel carbon dots 
(P-CDs) and (B) hydrothermal banana peel carbon dots (H-CDs). Data are presented as 
mean±standard error (n=20 embryos). ANOVA followed by Tukey's test was performed. 
*Statistically significant at p<0.05 vs control; *Statistically significant at p<0.05 vs 0 hour.  
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Figure 7. Hatching rate of zebrafish following exposure to different concentrations of banana peel 
carbon dots. Hatching rates of zebrafish embryos exposed to (A) pyrolytic banana peel carbon 
dots (P-CDs) and (B) hydrothermal banana peel carbon dots (H-CDs). Data are presented as 
mean±standard error (n=20 embryos). ANOVA followed by Tukey's test was performed. 
*Statistically significant at p<0.05 vs control; *Statistically significant at p<0.05 vs 0 hour.  

Discussion 
In the present study, banana peel carbon dots were synthesized using green synthesis methods: 

pyrolysis and hydrothermal techniques. These methods are cost-effective, simple, and produce 

high-quality carbon dots [22,28]. Pyrolysis involves the thermal decomposition of banana peel at 

elevated temperatures (300–800°C) in the absence of oxygen, while the hydrothermal technique 

involves reacting banana peel with water under high temperature and pressure (100–200°C, 1–

2 MPa) [21,62]. Both methods were documented to be effective for producing carbon dots from 

banana peel and are environmentally sustainable [18,28,54]. Both methods are capable of 

producing carbon dots with particle sizes of less than 10 nm, with temperature, pressure, 

precursor, and time as variables that influence carbon dot size [63].  

The characteristics of the carbon dots, including their optical properties, structure, and size, 

are influenced by the carbon source and synthesis conditions [21]. When using biomass as the 

carbon source, factors such as the type of biomass and specific hydrothermal conditions (time 

and temperature) impact the final structure of the carbon dots [9,21,23,28,52,64]. Banana peel 

carbon dots exhibit distinct physicochemical properties, including small particle sizes (below 10 

nm), excellent optical behavior, and biochemical stability [18,28]. All carbon dots derived from 

A 

B 
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banana peels have a negative surface charge due to the presence of carboxyl and hydroxyl 

functional groups, which significantly affects their interactions with their surroundings [47].  

The optical characteristics of natural carbon dots demonstrate a strong shift in absorption 

from the UV to the visible light spectrum [65]. The carbon core of the carbon dots exhibits two 

distinct absorption peaks. The primary peak at 230 nm results from the π-π* transition within 

aromatic C–C bonds, while a secondary peak (shoulder) at 300 nm is attributed to n-π* 

transitions in carbonyl (C=O) groups or other attached chemical groups [56,64,66-68]. 

Additionally, carbon dots synthesized from the same material but using various methods, such as 

ultrasonic, microwave, and hydrothermal techniques, display different absorption bands in the 

250–300 nm range [69].  

Zebrafish embryos and larvae are commonly used as model organisms to evaluate the 

efficacy of in vivo imaging techniques and to study the tissue distribution profiles of carbon dots 

[48,70,71]. The zebrafish model is approved for use in scientific research as per EU Directive 

2010/63/EU [61]. In the present study, 125 ppm banana peel carbon dots were utilized for 

bioimaging by exposing zebrafish embryos (6 hpf) and larvae (84 hpf) to the carbon dots solution 

for 4 h. This concentration was chosen because it aligns with the developmental stages of 

zebrafish at this concentration of hydrothermal carbon dots, whereas the pyrolytic carbon dots at 

125 ppm had minimal impact on embryo development. The present study indicates that carbon 

dots could be absorbed through the skin of zebrafish larvae, accumulating in the yolk sac, yolk 

extension, and eyes, suggesting a strong affinity for fatty substances. Fluorescent carbon dots can 

be valuable for studying fat transport and processing, with fluorescence intensity indicating 

tissue-specific binding [47]. The negative charge of the banana peel carbon dots may affect their 

fluorescence [72,73]. Comparative studies have shown that positively charged carbon dots exhibit 

stronger fluorescence signals under confocal microscopy, confirming that banana peel carbon 

dots generally exhibit moderate fluorescence due to their negative surface charge [34,43,72,73]. 

Fluorescence was not observed in the zebrafish embryo in the present study, indicating that 

the banana peel carbon dots cannot penetrate the embryos. A previous study suggested that short-

term exposure to carbon dots does not result in long-term accumulation in zebrafish embryos, as 

they are eliminated through diffusion [34]. Additionally, the fish's digestive system can promptly 

eliminate carbon dots [38]. The presence of fluorescent signals in the chorion and perivitelline 

layers suggests that banana peel carbon dots can penetrate these regions, potentially impacting 

embryo development [37]. The chorion's pores, which are larger than the carbon dots, allow for 

their passage, with a size of 0.17 micrometers compared to the carbon dots' approximate diameter 

of 2-5 nanometers [43]. Surface functional groups such as -NH2, -COOH, -CO, and -COH on 

carbon dots can interact selectively with biomolecules and binding sites in zebrafish, influencing 

fluorescence [38,64,67,74,75]. The functional group analysis of banana peel carbon dots using 

FTIR and their fluorescence properties suggest potential for bioimaging applications.  

The toxicity of carbon dots was assessed based on malformations, survival, and hatching 

rates. In zebrafish, mortality with pyrolytic carbon dots occurred at concentrations of 1000 and 

2000 ppm, with mortality rates of 20% and 60%, respectively, after 120 h of exposure. 

Hydrothermal carbon dots also caused mortality at 1000 and 2000 ppm, with rates of 20% at 72 

hours and 60% and 80% at 96 and 120 h, respectively. Previous studies have reported varying 

mortality rates with different nanoparticles [37,40,42,52]. For instance, zinc oxide nanoparticles 

led to a 39% mortality rate at 10 ppm, while rutile-phase ZnO nanoparticles caused increased 

mortality at higher concentrations after a 96 h exposure period [42]. Carbon nanoparticles have 

also shown increased malformations and reduced hatching at concentrations of 50, 100, and 200 

ppm from 4 to 96 hpf [35]. Non-doped, nitrogen-doped, and sulfur-doped carbon dots exhibited 

significant toxicity to zebrafish at concentrations exceeding 150 ppm [40,61]. Carbon dots with 

various surface functional groups (-CO-N(CH3)2, -COOH, and -NH2) have demonstrated 

remarkable biocompatibility and low cytotoxicity [75]. Compared to other carbon nanoparticles, 

banana peel carbon dots exhibit lower toxicity to zebrafish.  

The OECD #236 Fish Embryo Toxicity Test is effective for evaluating acute toxicity by 

monitoring zebrafish embryo development up to 96 hpf [37,57]. In this study, zebrafish embryos 

at 12 hpf were continuously exposed to banana peel carbon dots at concentrations ranging from 

125 to 2000 ppm for 120 h. The test revealed that the LC50 values for pyrolytic and hydrothermal 
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carbon dots were 1703.7 ppm and 933.2 ppm, respectively. Exposure to banana peel carbon dots 

at various concentrations significantly impacted zebrafish embryo maturation, causing slower 

hatching and development compared to the control group. The treated group exhibited birth 

defects that became more severe with increased exposure duration and concentration. 

A previous study indicated that fruit-based carbon dots, such as those derived from kiwi, 

pear, and avocado, can cause developmental toxicity in zebrafish, characterized by yolk sac 

edema, eye abnormalities, and reduced hatching rates [47]. Consistent with these findings, the 

present study observed abnormalities in the yolk sac, which could disrupt nutrient intake and 

negatively affect embryo growth. The yolk sac provides essential nutrients for embryo 

development, and damage to this structure can lead to abnormal growth due to nutrient 

deficiencies [35,50]. 

Abnormal spinal curvature, potentially caused by scoliosis or notochord issues, was another 

observed physical change, affecting the embryo's movement and coordination [35]. Additionally, 

pericardial edema and eye malformations were noted. Previous studies have found that carbon 

nanoparticles can cause ultrastructural changes in heart tissue and impact visual development 

[35,36,50].  

The summarized findings indicate that banana peel carbon dots exhibit relatively high 

toxicity thresholds compared to other carbon nanoparticles (Table 2), making them promising 

for medical applications such as labeling biological materials, drug delivery, and cancer 

treatment. However, before its widespread use, to accurately assess the toxic effects on zebrafish 

embryo development, it is recommended to use embryos at the youngest possible age (around 4 

hpf) [35,50]. In this study, embryos aged 12 hpf were utilized due to limitations in observing the 

timing of fish mating that occurred at night towards dawn. To support the toxicity data from 

banana peel carbon dots, research should be continued in studies using rats to ensure a 

comprehensive assessment of the toxicity profile. 

Table 2. Toxicity assessment results of various carbon dots in zebrafish 

Carbon dots (CDs) 
particle 

Raw materials Particle size (nm) LC50 (ppm) References 

Kiwi-CDs Kiwi fruits 4.35±0.04 1444 [47] 
Pear-CDs Pear fruits 4.12±0.03 2224 [47] 
Avocado-CDs Avocado fruits 4.42±0.05 1964 [47] 
Black pepper-CDs Black pepper N/A 985 [47] 
N,S-doped CQDs Citric acid 8 149.92 [40] 
N-doped CQDs Citric acid 2.5 399.95 [40] 
Non-doped CQDs Citric acid 4 548.48 [40]  
Babassu coconut CDs Babassu coconut mesocarp 19.8 >1000 [52] 
CQDac Ammonium citrate 4.1±1.20 500 [34] 
CQDspd Spermidine  6.3±1.35 100 [34] 
Banana peel P-CDs Banana peel 1.8±0.4 1703.7 The present study 
Banana peel H-CDs Banana peel 5.4±1.3 933.2 The present study 

CQDac: carbon quantum dots derived ammonium citrate; CQDs: carbon quantum dots; CQDspd: carbon 
quantum dots derived spermidine; H-CDs: hydrothermal banana peel carbon dots; LC50: lethal 
concentration; P-CDs: pyrolysis-banana peel carbon dots.  

Conclusion 
Banana peel-derived carbon dots demonstrated substantial green fluorescence across various 

anatomical regions of zebrafish, including the eye, lens, yolk sac, intestine, and tail. The intense 

fluorescence observed around the yolk sac, particularly near the intestine, indicates their 

potential utility in studying fat transport and processing within zebrafish embryos. Additionally, 

the strong fluorescent signals in the eyes and melanophore stripes suggest a high affinity for 

melanin, highlighting their potential for investigating melanin-rich areas in zebrafish larvae. 

Toxicity assessments revealed that carbon dots synthesized via the pyrolysis method exhibited 

lower toxicity (LC50 of 1707.3 ppm) compared to those synthesized via the hydrothermal method 

(LC50 of 993 ppm). These LC50 values underscore the non-toxic nature of the synthesized carbon 

dots and suggest their promising potential for biomedical applications in zebrafish studies. 
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