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ABSTRACT

Graphene oxide (GO) and carbon nanotube (CNT)-based nanomaterials have attracted significant interest in various industrial
and biomedical applications due to their unique physicochemical properties; however, concerns about their potential toxicity, es-
pecially when modified with additives like melamine (M), remain largely unresolved. This study investigates the toxicological ef-
fects and underlying mechanisms of graphene oxide-melamine (GO-M) and carbon nanotube-melamine (CNT-M) nanoparticles
in zebrafish (Daniorerio) embryos and larvae. To this end, developmental toxicity, phenotypic and behavioral changes, as well
as histopathological and immunofluorescence alterations, were evaluated following acute exposure to GO-M and CNT-M nan-
oparticles at concentrations of 5, 10, and 20 mg/L. Results showed that both nanoparticles delayed larval hatching, particularly
at higher concentrations (10 and 20mg/L). Malformations were observed at 20mg/L in the GO-M group and at 10 and 20mg/L
in the CNT-M group. Additionally, significant changes in larval length and eye area were observed at all concentrations for both
nanoparticles. Behavioral assessments revealed that CNT-M exposure at 10 and 20 mg/L significantly impaired head sensorimo-
tor reflexes, while all concentrations affected tail reflexes. In contrast, GO-M exposure did not significantly alter sensorimotor
responses. These findings suggest differential toxic mechanisms and neurobehavioral effects of GO-M and CNT-M nanoparticles
during early zebrafish development.
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1 | Introduction

Melamine is a nitrogen-rich compound widely used in both in-
dustrial and domestic applications, including paints, coatings,
foam seating, bedding, automobile brake pipes, paper prod-
ucts, shelving, and mechanical, electrical, and plumbing con-
cretes. It is also found in automobile inks, fabric softeners, or
laundry detergents. Additionally, melamine is used as a coat-
ing for concrete surfaces, in automobile-formaldehyde resins,
and in agricultural products such as seed coatings, plant pro-
tection agents, fertilizers, and algicides (An et al. 2013; Tasci
et al. 2022; Liitjens et al. 2023; Day et al. 2024; Wang et al.
2025). Due to its extensive and diverse use, melamine enters
various environmental compartments, particularly aquatic
ecosystems, where it can pose a risk to nontarget organisms.
Despite this, melamine's environmental fate and its potentially
harmful effects on aquatic organisms, regarding their extent,
severity, mechanisms, and ecological implications, have not
been comprehensively investigated in aquatic environments.
Nanomaterials such as GO and CNTs have attracted significant
attention for their large surface area, high electrical conductiv-
ity, and chemical reactivity, making them useful in electron-
ics, biomedicine, and environmental remediation (Ghulam
et al. 2022; Yahyazadeh et al. 2024). Functionalization with
compounds such as melamine can enhance their catalytic ac-
tivity and electron transfer capabilities. However, these surface
modifications may also alter their interactions with biolog-
ical systems, potentially leading to unexpected toxic effects
(Mohammadi et al. 2020; Ghulam et al. 2022).

Understanding how these functionalized nanomaterials in-
teract with aquatic organisms is critical for assessing their
safety. Environmental pollutants are known to disrupt var-
ious cellular processes and biomolecules, forming complex
toxicity networks (Huang 2023). Bioassays and biomarker-
based approaches are therefore essential tools in ecotoxicolog-
ical assessments (Molino et al. 2025). Among the molecular
biomarkers, Nopl0 (nucleolar protein 10) plays a vital role in
the assembly of H/ACA small nucleolar ribonucleoproteins
(snoRNPs), which are involved in maintaining telomerase
function and genomic stability. Telomerase activity, in turn,
protects telomere length; its dysfunction can trigger cellular
senescence or apoptosis (Dou et al. 2024). Oxidative stress
is a common pathway by which many pollutants exert their
toxic effects. Reactive oxygen species (ROS) such as hydroxyl
radicals can cause DNA strand breaks, base modifications,
and DNA-protein cross-linking. Among the oxidative DNA
damage markers, 8-hydroxy-2’-deoxyguanosine (8-OHdG) is
widely studied as a reliable indicator of genotoxicity and oxi-
dative stress (Alak, Ucar, Yeltekin, Comakli, et al. 2018; Alak,
Ucar, Yeltekin, Parlak, et al. 2018; Alak, Yeltekin, Ozgeris,
et al. 2019; Alak, Yeltekin, Ugar, et al. 2019; Alak et al. 2020;
Ucar et al. 2020; Atamanalp et al. 2021).

Zebrafish (Daniorerio) has emerged as a powerful model or-
ganism in environmental toxicology due to its small size, high
fecundity, transparent embryos, and ease of maintenance.
Zebrafish embryos are particularly useful for assessing devel-
opmental toxicity and sublethal effects of pollutants. The Fish
Embryo Acute Toxicity (FET) test using zebrafish is recognized

by international regulatory agencies and widely employed in en-
vironmental risk assessments (Alak et al. 2025; Yildirim et al.
2025; Molino et al. 2025).

In this study, we aimed to investigate the potential toxicity
mechanisms of GO and CNT nanoparticles functionalized
with melamine (GO-M and CNT-M) in zebrafish embryos and
larvae. Melamine was selected as a surface modifier to en-
hance the nanoparticles’ functional properties. We evaluated
a comprehensive set of effect-based parameters, including de-
velopmental, morphological, behavioral, histopathological,
and immunohistochemical endpoints. Our goal was to elu-
cidate the differential toxicity profiles of GO-M and CNT-M
nanoparticles and contribute to a better understanding of
their environmental safety.

2 | Materials and Methods

Thionyl chloride (SOCI,), graphite, sodium nitrate (NaNO,),
potassium permanganate (KMnO,), hydrogen peroxide (H,0,),
hydrochloric acid (HCI), sulfuric acid (H,SO,), anhydrous di-
methylformamide (DMF), anhydrous tetrahydrofuran (THF),
anhydrous diethyl ether, and melamine (M) were all purchased
from Sigma-Aldrich (St Louis, MO, USA). Functionalized
multi-walled carbon nanotubes (MWCNTSs) containing sur-
face carboxylic acid (-COOH), with a purity >96% and an outer
diameter of 8-18 nm, were obtained from Nanografi (Ankara,
Tiirkiye).

2.1 | Synthesis of CNT-M and GO-M Nanoparticles
2.1.1 | Synthesis of CNT-M Nanoparticles

To synthesize melamine-functionalized CNT-M, a two-step
procedure was followed. First, 100 mg of commercially avail-
able carboxyl-functionalized multi-walled carbon nanotubes
(MWCNTs-COOH) were added to a 100mL glass flask along
with 10mL of SOCI, and 1 mL of anhydrous DMF. The mix-
ture was stirred at 70°C and 500rpm for 24h on alternate
days to convert the carboxyl groups to acyl chloride groups
(CNT-CI). After the reaction, the resulting product was fil-
tered using a Gooch crucible (No. 4) and thoroughly washed
with anhydrous diethyl ether, anhydrous THF, and anhydrous
DMF to remove any residual reagents. The product was then
dried in an oven at approximately 60°C. In the second step,
100mg of CNT-CI and 100 mg of melamine were added to a
100mL round-bottom flask containing 3mL of anhydrous
DMF. The reaction mixture was stirred sequentially at 25°C
for 1h, 50°C for 1h, and finally at 153°C for 22h. Following
the reaction, the solid product (CNT-M) was filtered using a
Gooch crucible (No. 4), washed with anhydrous DMF, and
dried in a low-temperature oven. The final CNT-M product
was characterized using Fourier-transform infrared spectros-
copy (FT-IR) with a PerkinElmer Spectrum Two spectrome-
ter (Perkin Elmer, MA, USA), X-ray diffraction (XRD) using
an Empyrean X-ray diffractometer (Malvern Panalytical,
Spectris, London, UK), field emission scanning electron mi-
croscopy (FE-SEM) using a Hitachi Regulus 8230 (Hitachi
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High-Tech, Tokyo, Japan), and transmission electron micros-
copy (TEM) using Hitachi HT7800 TEM (Hitachi High-Tech,
Tokyo, Japan) (Figure 1).

2.1.2 | Synthesis of GO-M Nanoparticles

The synthesis of melamine-functionalized graphene oxide
(GO-M) nanoparticles was carried out in three main steps: GO
synthesis, acyl chloride functionalization (GO-Cl), and subse-
quent melamine modification. First, GO was synthesized using
the modified Hummer method as described previously (Bulut
etal. 2016). Briefly, 5g of graphite, 2.5g of NaNO,, and 115mL of
concentrated H,SO, (98%) were added to a round-bottom flask
and stirred at 600rpm for 30min while kept in an ice bath to
maintain the temperature below 20°C. After this initial step,
15g of potassium permanganate (KMnO,) was gradually added
under continuous stirring, and the reaction was allowed to pro-
ceed for an additional hour. The mixture was then heated to
45°C, and 230mL of deionized water was slowly added, followed
by stirring for another 15 min. Afterwards, 230 mL of pure water
was added, and the mixture was heated again at 45°C for 30 min.
Finally, 600 mL of deionized water and 150 mL of 9% H,O, were

I NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN RN NN NN NN NN NN NN NN NN NN NN NN RN NNNRNNNNNNRNNNNEED

Step 1. CNT-CI
Step 2. CNT-M

added, and the suspension was stirred for 1 h. The resulting GO
was filtered, thoroughly washed with deionized water and 5%
HCI, and then dried in a low-temperature oven (Figure 2) (Bulut
et al. 2016; Celebi and Sogiit 2022).

In the second step, 50 mg of the synthesized GO was reacted with
10mL of SOCL, and 1mL of anhydrous DMF in a 50mL glass
flask. The mixture was stirred at 70°C and 500 rpm on alternate
days to convert oxygen-containing groups on the GO surface
to acyl chlorides (GO-CI). The solid product was collected by
filtration using a Gooch crucible (No. 4), washed sequentially
with anhydrous diethyl ether, THF, and DMF, and then dried at
low temperature for further use (Figure 3) (Koktiirk et al. 2022;
Amudi et al. 2023).

In the final step, 100mg of GO-Cl, 100mg of melamine were
added to 3mL of anhydrous DMF in a 100mL round-bottom
flask. The mixture was stirred sequentially at 25°C for 1h, 50°C
for 1h, and finally at 153°C for 22h to facilitate the function-
alization reaction. After completion, the reaction mixture was
filtered using a Gooch crucible (No. 4), and the solid product was
washed with anhydrous DMF. The resulting GO-M nanoparti-
cles were dried in a low-temperature oven and characterized
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FIGURE1 | Schematic illustration of the surface functionalization of multi-walled carbon nanotubes (MWCNTs) with melamine.
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FIGURE2 |

Schematic illustration of the synthesis process of graphene oxide (GO) using the modified Hummers method.
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FIGURE3 | Schematic illustration of the synthesis of acyl chloride-functionalized graphene oxide (GO-CI) from GO using SOCl, and DMF.
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DMF,24h

FIGURE 4 | Schematic illustration of the synthesis of melamine-functionalized graphene oxide (GO-M) through from GO-CI via melamine

coupling.

using FT-IR, FE-SEM, TEM, and XRD (Figure 4) (Koktiirk
et al. 2022; Amudi et al. 2023).

2.2 | InVivo Toxicity Assessment
2.2.1 | Zebrafish Care and Embryo Production

Adult zebrafish (wild-type AB line) were obtained from the
Vivarium-Zebrafish Facility at the Izmir Biomedicine and
Genome Center (IBG). Fish were maintained under standard-
ized laboratory conditions at a water temperature of 28°C with a
14:10-h light-dark photoperiod, following established protocols
(Westerfield 2000). Water quality parameters were routinely
monitored, with pH maintained at 7.0-7.2 and dissolved oxy-
gen levels above 6.0mg/L during both the rearing and exposure
periods. They were fed twice daily with a combination of flake
feed and Artemia. To obtain embryos for experimentation, male
and female zebrafish were housed in separate breeding tanks.
Spawning was induced overnight, and fertilized eggs were col-
lected the following morning. Collected embryos were trans-
ferred to Petri dishes containing E3 embryo medium (0.17mM
KCl, 0.33mM MgSO,, 5mM NacCl, and 0.33mM CaCl,). As the
study involved zebrafish embryos and larvae under 5days post-
fertilization (dpf), ethical approval was not required in accor-
dance with Directive 86/609/EEC and EU Directive 2010/63/
EU.

2.2.2 | Exposure of Embryos and Larvae to
GO-Melamine (GO-M) and CNT-Melamine (CNT-M)

The toxic effects of GO-M and CNT-M nanoparticles on zebraf-
ish embryos and larvae were evaluated based on previously
reported dose ranges (H. C. Chen et al. 2024; Yigit et al. 2024;
SinghDeo et al. 2025). Exposure experiments were initiated at
4h postfertilization (hpf) and continued until 96 hpf. Stock solu-
tions of GO-M and CNT-M nanoparticles were prepared in puri-
fied water at a concentration of 100 mg/L. Working solutions at
final concentrations of 5, 10, and 20 mg/L were freshly prepared
each day by diluting the stock in E3 embryo medium. To min-
imize agglomeration and ensure homogeneity, all nanoparticle
solutions were sonicated for 10min at 50/60kHz using a Huber
Diagenode Mini Chiller (Germany) prior to use. The control
group received E3 medium without nanoparticles. Each treat-
ment group consisted of 30 embryos, with three replicates per

concentration. All groups were maintained in an incubator at
28°C for the duration of the experiment.

2.2.3 | Developmental Toxicity Evaluation

Developmental toxicity in zebrafish embryos and larvae was eval-
uated based on a previously described method with slight modifi-
cations (Alak et al. 2025). Parameters evaluated included mortality
(24-96 hpf), morphological abnormalities (24-96 hpf), and cho-
rion hatching rate (48-96 hpf) following exposure to GO-M and
CNT-M nanoparticles. Embryos and larvae were examined and
imaged using an Olympus SZX50 stereomicroscope equipped with
an SC16 digital camera (Olympus, Tokyo, Japan).

2.2.4 | Phenotypic Evaluation of Zebrafish Larvae Body
Length and Eye Size

To assess the phenotypic effects of GO-M and CNT-M nanopar-
ticles, zebrafish larvae were evaluated at 96 hpf. Ten larvae
from each experimental group were imaged using a stereomi-
croscope (Olympus, Tokyo, Japan). Morphometric measure-
ments, including body length (mm) and eye surface area (mm?),
were performed using ImageJ software (Bridi et al. 2017; Wang
et al. 2024).

2.2.5 | Behavioral Evaluation With Sensory
Motor Reflex

To assess the potential neurobehavioral effects of GO-M and
CNT-M nanoparticles, sensory-motor reflex responses were
evaluated at 96 hpf. The heads and tails of larvae (n=5 per
group, in triplicate) were gently stimulated using a micropipette.
Each region was touched 10 times at 30-s intervals. A positive
response was defined as a sudden escape or swimming reflex
following stimulation (Cunha et al. 2018; Rodrigues et al. 2020;
Yigit et al. 2024).

2.2.6 | Histopathological Evaluation
and Immunofluorescence Analysis of Zebrafish Larvae

2.2.6.1 | Histopathological Examination. Following
experimental exposure, zebrafish larvae were fixed in 10%

4
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neutral-buffered formalin for 48h. After standard tissue pro-
cessing, samples were embedded in paraffin, and 4 um-thick
sections were obtained. The sections were stained with hema-
toxylin-eosin (H&E) and examined under an Olympus BX 51
light microscope (Olympus, Japan). Histopathological alter-
ations were scored semi-quantitatively as none (-), mild (+),
moderate (++), or severe (+++) based on the extent and severity
of observed tissue changes.

2.2.6.2 | Double Immunofluorescence Examina-
tion. For double immunofluorescence analysis, tissue sections
were mounted on adhesive slides (poly-L-lysine-coated), depar-
affinized, and dehydrated through graded alcohols. Endogenous
peroxidase activity was blocked by incubating the sections in 3%
H,O0, for 10min. Antigen retrieval was performed by boiling
the tissues in 1% citrate buffer solution (pH 6.1, 100X) followed
by cooling to room temperature. To minimize nonspecific back-
ground staining, sections were incubated with a protein block-
ing solution for 5min. The first primary antibody, anti-8-OHdG
(Cat No:sc393871, dilution 1:100, Santa Cruz Biotechnology, TX,
USA), was applied and incubated according to the manufactur-
er's instructions. After washing, the corresponding secondary
antibody conjugated with FITC (Cat No: ab6785, dilution 1:1000,
Abcam, Cambridge, UK) was applied and incubated for 45min
in the dark. Subsequently, the second primary antibody,
anti-NOP10 (Cat No: ab134902, dilution 1:100, Abcam, Cam-
bridge, UK), was applied and incubated according to the man-
ufacturer's instructions. Afterward, a Texas Red-conjugated
secondary antibody (Cat No: ab6719, dilution 1:1000, Abcam,
Cambridge, UK) was added and incubated for 45 min in the dark.
Nuclear counterstaining was performed using DAPI-containing
mounting medium (Cat No: D1306, dilution 1:200, MA, USA),
which was applied to the sections and incubated for 5min
in the dark. Finally, coverslips were placed on the slides,
and the stained sections were examined under a fluorescence
microscope (Carl Zeiss AG, Jena, Germany).

2.2.7 | Data Analysis

Developmental toxicity, behavioral, and histopathological data
were analyzed using GraphPad Prism 8 software. Results are
expressed as mean +standard deviation (mean +SD), with sta-
tistical significance considered at the following levels: *p <0.05,
**p<0.01, ***p<0.001, ****p <0.0001, and not significant (ns)
for p>0.05. Developmental toxicity endpoints, including sur-
vival rate, malformations, body length, eye size, and behavioral
responses, were evaluated using one-way analysis of variance
(ANOVA). Tukey's multiple comparison test was applied for
survival rate, malformations, body length, and eye size, while
Dunnett's test was used for behavioral data. The Shapiro-Wilk
test was used to assess the normality of behavioral datasets.
Chorion hatching success was analyzed via two-way ANOVA
followed by Tukey's post hoc test.

For histopathological evaluations, the Duncan test was used to
compare differences between groups. Group interactions were
assessed using the nonparametric Kruskal-Wallis test, and
pairwise comparisons were made using the Mann-Whitney U
test. Quantitative analysis of immunofluorescence staining was
conducted using the ZEISS Zen Imaging Software (Carl Zeiss

AG, Jena, Germany). Five random regions were selected from
each image to evaluate fluorescence intensity. The percentage of
positively stained area was reported as mean + SD. Comparisons
between groups and healthy controls were made using one-way
ANOVA followed by Tukey's multiple comparison test. A p-
value of less than 0.05 was considered statistically significant.

3 | Results and Discussion

3.1 | Functional Group Identification via FT-IR
Analysis

FT-IR spectroscopy was performed using the KBr pellet
method with a PerkinElmer Spectrum Two spectrometer,
covering the 600-4000cm™' range with a 4cm™ resolution,
to confirm the functionalization of GO and MWCNTs with
melamine. For CNT-M, a characteristic vibration band was ob-
served at 3128 cm™!, corresponding to the N-H stretching of
primary amine groups (-NH,) from melamine (Figure 5). The
1673 cm™! band was attributed to C=0 stretching from amide
groups (-HNC=0), indicating successful amide bond forma-
tion. Additionally, the 1551cm™! band was assigned to C=N
stretching vibrations of the imine group within the melamine
ring. In the GO-M spectrum, similar functional groups were
confirmed (Figure 5). The 3117cm™' band indicated N-H
stretching (-NH,), and the 1676cm™ peak corresponded
to C=0 stretching in the amide group. The C=N group was
represented by a vibration band at 1507 cm~!, while a notable
additional peak at 1096cm~! was attributed to C-N stretch-
ing, confirming the presence of melamine on the GO surface
(Zhang et al. 2011; Yuan et al. 2015; Feng et al. 2018; Amudi
et al. 2023). In conclusion, FT-IR results confirmed the suc-
cessful covalent attachment of melamine to both GO and CNT
surfaces through amide bond formation and the presence of
characteristic imine and amine groups.

e CNT-M
= GO-M

Transmittance%

4500 4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)
L]

FIGURE 5 | FT-IR spectra of CNT-M and GO-M nanoparticles,
showing characteristic functional group vibrations confirming suc-
cessful melamine functionalization. Key peaks corresponding to -NH,,
C=0 (amide), C=N (imine), and C-N groups are observed.
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3.2 | XRD Analysis Reveals Structural Changes
and Crystallite Sizes of CNT-M and GO-M
Nanoparticles

XRD analysis was performed to investigate the structural
properties, crystallinity, and phase identification of GO-M
and CNT-M. The XRD measurements were conducted using
a Panalytical Empyrean diffractometer with Cu Ka radiation
(A=1.540598 nm), operating at 45kV and 40mA. The scanning
was performed from 5° to 90° (26) at a rate of 2°/min for 20 min.

For CNT-M, a prominent diffraction peak was observed at
26=25.09°, characteristic of the (002) plane of MWCNTSs, con-
sistent with earlier studies (Figure 6) (Zhu et al. 2008; Salam and
Burk 2017). Additional broad peaks between 20=10° and 30°
indicate the presence of melamine-functionalized structures.
Although the modification did not significantly alter the position
of the characteristic CNT peak, an increase in intensity and peak
density suggests successful surface modification. This observa-
tion aligns with previous findings indicating that melamine's
n—-7 interactions, hydrogen bonding, and electrostatic interac-
tions enhance surface interactions without disrupting the CNT

CNT-M
GO-M

intensity(a.u.)

/] 10 20 30 4‘0 5’0 60 70 80 20
2Theta ()

FIGUREG6 | XRDdiffraction patterns of CNT-M and GO-M nanopar-
ticles, indicating characteristic crystalline peaks and structural changes
resulting from surface modification.

K 's’ '0 L,
¥ .’Q e

Regults 10,0k\Ve120mmx50:0k S

crystalline core (Irani et al. 2017). The XRD pattern of GO-M
revealed a peak at 26=12.33°, which is characteristic of GO,
corresponding to the (001) plane (Figure 6). A distinct and in-
tense peak at 26 =28° was attributed to structural modifications
due to melamine intercalation, suggesting a successful inter-
action between GO layers and melamine molecules (Y. Chen
et al. 2011; Yuan et al. 2015). This intercalation likely alters the
interlayer spacing and modifies surface functionalities.

Crystallite size (D) was calculated in nanometers using the
Debye-Scherrer equation (Equation 1):

D =0.91/(p cosO) (@)

where k is the shape factor (0.9), A is the X-ray wavelength
(0.15406nm), B is the full width at half maximum (FWHM) of
the diffraction peak, and 6 is the Bragg angle. Based on this cal-
culation, the average crystallite sizes of GO-M and CNT-M were
determined to be 43.02 and 90.20nm, respectively (Manzoor
et al. 2024). In conclusion, XRD analysis confirmed the crystalline
nature of CNT-M and GO-M, with distinct diffraction patterns and
crystallite sizes supporting the successful functionalization of both
nanomaterials with melamine. The observed structural changes,
particularly in GO-M, suggest effective intercalation and surface
interaction of melamine, likely driven by strong n—m and electro-
static forces (Leon et al. 2011; Liang et al. 2012; Leon et al. 2014).

3.3 | Surface Morphology and Elemental
Composition of CNT-M and GO-M Nanoparticles

The morphological characteristics and surface modifications
of CNT-M and GO-M were analyzed using FE-SEM. Figure 7
presents the FE-SEM micrographs of CNT-M and GO-M.
Consistent with previous studies, unmodified MWCNTs
exhibit smooth, translucent, and tubular surfaces (Veisi
et al. 2019). Following melamine functionalization, the CNT
surfaces appeared rougher and more curved, accompanied by
partial aggregation (Peng et al. 2018; H. Shayesteh et al. 2023).
In the GO-M samples, typical sheet-like layered structures
were clearly observed (Sun et al. 2019). Upon melamine mod-
ification, noticeable surface wrinkling and edge curling were
frequently detected. These morphological alterations suggest

FIGURE 7 | FE-SEM images of CNT-M and GO-M nanomaterials, illustrating their surface morphology and structural features.
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FIGURE 8 | EDX spectra of CNT-M and GO-M nanoparticles showing elemental composition and successful incorporation of nitrogen after

melamine functionalization.

that melamine intercalation disrupts the planar structure of
GO, leading to increased interlayer spacing and the formation
of localized tears.

The elemental composition of CNT-M and GO-M was deter-
mined using energy dispersive X-ray spectroscopy (EDX) cou-
pled with FE-SEM. As shown in Figure 8, the EDX spectrum
of CNT-M revealed signals for carbon (C), oxygen (O), and
nitrogen (N), with atomic percentages of 88.52%, 4.34%, and
6.6%, respectively. Trace signals from other elements were at-
tributed to residual impurities from the washing process (Mao
et al. 2020; H. Shayesteh et al. 2023; Algethami et al. 2024).
In the case of GO-M, atomic percentages were determined
as 54.50% C, 29.78% O, and 14.10% N (Sun et al. 2019; Sen
et al. 2021). The higher nitrogen content in GO-M suggests
a more effective binding of melamine rings, likely due to the
abundant oxygen-containing functional groups on the GO
surface. In contrast, commercially available MWCNTSs typi-
cally contain only 3%-5% COOH groups, limiting melamine
attachment efficiency. In summary, FE-SEM and EDX anal-
yses demonstrated that melamine functionalization alters the
surface morphology of both CNT and GO nanostructures. The
findings also indicate a more efficient melamine incorpora-
tion in GO-M, attributed to the greater surface reactivity of
GO compared to CNTs.

3.4 | TEM Imaging Reveals Morphological
Integrity and Size Distribution of CNT-M and GO-M
Nanoparticles

TEM was performed using a Hitachi HT7800 model TEM op-
erated at 100kV with a magnification of X40,000 to evaluate
the morphological integrity and size distribution of CNT-M and
GO-M nanostructures. As shown in Figure 9, the TEM images
of CNT-M confirm the preservation of the characteristic mul-
tilayered cylindrical structure of MWCNTs after melamine
functionalization (Figure 9, top left). No apparent deformation
or collapse of the tubular structure was observed. Diameter
analysis performed on 10 individual CNT-M particles revealed

an average diameter of 10.73 £2.26nm (range: 5.70-12.99nm),
which remains consistent with the nominal outer diameter
(8-18nm) provided by the commercial supplier (Figure 9, bot-
tom left). This suggests that the surface modification with
melamine did not significantly alter the tubular morphology
of CNTs (Banerjee and Wong 2002; Deng et al. 2015; Gupta
et al. 2019). In contrast, the TEM images of GO-M exhibit both
dark and light regions, indicating heterogeneity in electron
density (Figure 9, top right). These features likely correspond
to the presence of oxygen-rich functional groups on the GO
layers and the distribution of melamine molecules across the
surface. Wrinkles and folds observed in the GO-M sheets may
reflect interlayer expansion or partial exfoliation induced by
melamine intercalation. Particle size analysis of 10 GO-M struc-
tures yielded an average diameter of 19.51+2.76nm (range:
12.59-21.23nm), which is consistent with previous reports for
similarly functionalized graphene-based materials (Figure 9,
bottom right) (Jebaranjitham et al. 2019; Koktiirk et al. 2022;
Borah et al. 2024). In conclusion, TEM analysis confirmed that
melamine modification preserved the structural integrity of
CNTs and induced slight morphological alterations in GO, con-
sistent with successful functionalization.

3.5 | Effects of GO-M and CNT-M Nanoparticles on
Zebrafish Survival and Hatching Rates

The developmental toxicity assessment revealed that zebraf-
ish embryos and larvae exposed to GO-M at concentrations of
5 and 10mg/L and to CNT-M at 5mg/L maintained survival
rates above 90% (Figure 10A). However, a statistically signifi-
cant reduction in survival was observed in the GO-M 20 mg/L
group and in the CNT-M 10 and 20 mg/L groups compared to
the control. Additionally, a concentration-dependent delay
in hatching was noted at 48, 72, and 96h postfertilization,
particularly in the 10 and 20 mg/L exposure groups for both
nanoparticle types (Figure 10B). In contrast to our findings,
previous studies involving melamine-containing polymeric
microspheres (1-5um, 0.1 mg/L) reported more pronounced
developmental toxicity in Daphnia magna, including reduced
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FIGURE 9 | TEM images and corresponding particle size distribution histograms of CNT-M and GO-M nanostructures. The images display the

morphological characteristics of CNT-M and GO-M, while the histograms represent the measured particle diameters based on analysis of 10 individ-

ual particles for each sample.

growth and reproduction, increased mortality (up to 100%),
and extinction of the F1 generation (Li et al. 2025). Similarly,
prolonged exposure to polystyrene microspheres (5um,
5ug/L, and 5mg/L) led to significant reductions in offspring
production across two generations. In conclusion, while lower
concentrations of GO-M and CNT-M (<10mg/L) were rela-
tively non-toxic to zebrafish embryos, higher concentrations
(>10mg/L) induced developmental toxicity, evidenced by de-
creased survival and delayed hatching.

3.6 | Teratogenic Effects and Morphological
Malformations Caused by GO-M and CNT-M
Nanoparticles

Malformations including pericardial edema, spinal curvature,
and tail deformities were observed in zebrafish larvae fol-
lowing 96h of exposure to GO-M and CNT-M nanoparticles
(Figure 11A). Compared with the control group, malforma-
tion rates were significantly higher in larvae exposed to 10 and
20mg/L CNT-M and 20mg/L GO-M (Figure 11B).

The reduced larval emergence rate at the highest concentration
of GO-M (20mg/L) may be attributed to the adherence of GO

to the embryo surface, potentially inducing a hypoxic environ-
ment and restricting embryonic movement (Z. Chen et al. 2020).
Supporting this, X. Chen et al. (2016) reported that GO particles
can attach to the chorion via hydroxyl interactions and may in-
filtrate pore channels through passive diffusion. Another study
has similarly demonstrated that GO exposure in zebrafish re-
sults in elevated embryonic mortality, cardiotoxicity, delayed
cardiac cycles, apoptosis, reduced hemoglobinization, and ab-
normal hatching patterns (Bangeppagari et al. 2019).

Our findings confirm that GO-M at 20mg/L induces notable
deformities, particularly pericardial edema, tail abnormalities,
and spinal curvature, which align with previous reports (X.
Chen et al. 2016; Bangeppagari et al. 2019; Z. Chen et al. 2020;
Koktiirk et al. 2022). In addition, GO has been shown to inter-
fere with embryonic development via increased ROS production,
mitochondrial damage, genotoxicity, and metabolic disruptions
(Bangeppagari et al. 2019).

A dose-dependent increase in mortality and malformation rates
as well as a decrease in hatching were observed with CNT-M,
particularly at 10 and 20 mg/L. These results are consistent with
previous nanoparticle toxicity studies (Koktiirk et al. 2022, 2023;
Yigit et al. 2024). While functionalized CNTs have previously
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FIGURE10 | Survivalrates of zebrafish embryos exposed to GO-M and CNT-M nanoparticles at 96 hpf (A) and hatching rates at 48, 72, and 96 hpf
(B). Data are presented as mean = SD. Statistical significance compared to the control group is indicated as follows: *p<0.05, **p <0.01, ***p <0.001,

***¥p <0.0001; ns not significant (ns) for p>0.05.

been reported as nontoxic in zebrafish embryos and even shown
to be excreted within 144h in Gobiocyprisrarus fry (Zhao et al.
2024), our findings suggest that melamine-modified CNTs at
higher doses exhibit significant developmental toxicity.

Zebrafish embryos are naturally protected by the chorion, which
acts as a barrier to nanoparticle entry. In this study, low concentra-
tions of GO-M (5 and 10mg/L) and CNT-M (5mg/L) did not induce
significant malformations or mortality, suggesting a relatively
safe profile at these levels. Moreover, despite the observed effects
at 20mg/L, GO-M appeared to be less teratogenic than CNT-M
at the same concentration, indicating a potentially safer margin
at higher doses. GO-M and CNT-M nanoparticles exhibited dose-
dependent developmental toxicity in zebrafish embryos, with
higher concentrations leading to increased malformations and
reduced hatching rates. However, low concentrations (<10mg/L
for GO-M and 5mg/L for CNT-M) showed minimal toxic effects,
suggesting concentration-dependent safety thresholds.

In our study, exposure to GO-M and CNT-M nanoparticles
resulted in subtle but measurable changes in zebrafish lar-
val phenotypes, including body length and eye area. While
the differences in body length were modest, statistically sig-
nificant variations were observed in both body length and
eye area across all treatment groups compared to the control
(Figure 12A,B). For eye area, although the changes were not
strictly concentration-dependent, a general trend of reduction
with increasing nanoparticle concentration was evident. This
pattern suggests that the toxicity of melamine-functionalized
nanoparticles may not scale linearly with dose, but instead ex-
erts a mild and progressive impact on early eye development.
These findings suggest that even low to moderate concentra-
tions of surface-functionalized nanoparticles may influence
early developmental parameters. Consistent with our observa-
tions, Li et al. (2025) reported that D. magna juveniles exposed
to melamine exhibited a dose-dependent increase in abnormal
offspring and a significant reduction in body length.
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FIGURE11

| (A) Representativbe microscope images showing morphological abnormalities in zebrafish larvae following 96-h exposure to GO-M

and CNT-M nanoparticles. Observed malformations include pericardial edema (red arrow), spinal curvature (red arrow), and tail deformities (black
arrow). Scale bar: 2mm. (B) Quantification of malformation rates in zebrafish embryos and larvae exposed to increasing concentrations (5, 10, and
20mg/L) of GO-M and CNT-M. Data are presented as mean + SD Statistical significance: black asterisks indicate comparisons with the control group;
red asterisks indicate comparisons between treatment groups (*p <0.05, ***p <0.001, ****p <0.0001).

3.7 | Neurobehavioral and Neurodevelopmental
Effects of GO-M and CNT-M Nanoparticles

Head and tail sensorimotor reflexes were evaluated to inves-
tigate the potential neurotoxic effects of GO-M and CNT-M
nanoparticles on zebrafish larvae. A significant reduction
in head reflex responses was observed in larvae exposed to
CNT-M at 10 and 20mg/L (Figure 13A), while all CNT-M
treatment groups showed a significant impairment in tail

reflex responses compared to the control group (Figure 13B).
In contrast, exposure to GO-M nanoparticles at all tested con-
centrations did not lead to statistically significant changes in
either head or tail reflexes (p> 0.05) (Figure 13A,B). Previous
studies have suggested that melamine may adversely affect
neuronal function by elevating ROS levels and enhancing au-
tophagy in mesangial cells (Wang et al. 2015). In line with
these findings, the observed sensorimotor impairments at
higher CNT-M concentrations (10 and 20 mg/L) in our study
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FIGURE 12 | Phenotypic assessment of zebrafish larvae exposed to
different concentrations of GO-M and CNT-M nanoparticles. (A) Body
length and (B) eye area measurements at 96 hpf. Data are presented as
mean £ SD ***¥p <0.0001.

may be attributed to melamine-induced oxidative stress af-
fecting neuronal circuits. Supporting this, An and Sun (2017)
reported compelling evidence that neurons are particularly
susceptible to melamine-induced damage.

When ingested, melamine may cause various health issues
depending on the dose and duration of exposure. Although
considered to have relatively low acute toxicity, melamine can
hydrolyze to cyanuric acid at high concentrations, resulting in
the formation of insoluble melamine cyanurate crystals, com-
monly referred to as kidney stones, and causing renal damage
(Benedetto et al. 2011; Pei et al. 2011; An et al. 2013; Ahmed
et al. 2021; Bashir et al. 2021, 2025; Tasci et al. 2022). In our
study, the GO-M nanoparticle did not induce any significant
changes in zebrafish behavior. Compared to previously reported
behavioral toxicities of various solvents in zebrafish models, our
phenomic analysis suggests that melamine exhibits relatively
low neurobehavioral toxicity under systematic exposure or oral
administration (H. C. Chen et al. 2024).

Due to their nanoscale dimensions, nanoparticles can readily
penetrate the cells and tissues of aquatic organisms, particu-
larly fish, where they may interfere with normal physiological
processes (Kahru et al. 2008; Keller et al. 2010). In our study,
CNT-M nanoparticles (average diameter: 10.378 nm) exhib-
ited greater developmental toxicity than GO-M nanoparticles
(average diameter: 18.284nm), which may be attributed to the
enhanced cellular penetration of smaller-sized CNT-M nanopar-
ticles. Consistent with this, Z. Chen et al. (2020) reported that
the developmental toxicity of GO in zebrafish larvae was closely
related to its particle size. Small-sized nanoparticles also have
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FIGURE13 | Assessmentofsensorimotor reflexesinzebrafishlarvae
exposed to different concentrations of GO-M and CNT-M nanoparticles
at 96 hpf. (A) Head reflex response. (B) Tail reflex response. Asterisks
indicate statistically significant differences compared to the control
group. Data are presented as mean=+SD (**p<0.01, ****p <0.0001, ns:
not significant, p>0.05).

the potential to cross biological barriers such as the blood-brain
barrier (BBB), leading to accumulation in the brain (Sharma
et al. 2009). Once accumulated, they can induce oxidative stress,
inflammation, and associated pathological changes, ultimately
resulting in neurotoxicity (Karmakar et al. 2014). Moreover, the
developing brain is particularly vulnerable to chemical insults,
making embryos and larvae more susceptible to neurotoxic ef-
fects compared to adults (Bondy and Campbell 2005). Therefore,
the potential neurodevelopmental toxicity of nanoparticles in
zebrafish embryos and larvae warrants careful investigation
(Fan et al. 2021).

The differing neurotoxic effects observed between CNT-M and
GO-M can be explained by their distinct physicochemical charac-
teristics, particularly morphology, size, and bioavailability. CNT-M
exhibited a smaller average diameter (~10.7nm) and a tubular ge-
ometry, which likely facilitated more efficient cellular uptake and
penetration across the BBB. This enhanced bioavailability may
account for the pronounced neurotoxic outcomes at higher con-
centrations, including reflex impairment, histopathological alter-
ations, and elevated oxidative and nucleolar stress markers. In
contrast, GO-M presented a larger average size (~19.5nm) and a
two-dimensional sheet-like morphology, which not only restricts
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BBB penetration but also promotes surface adherence and aggre-
gation. These features likely reduced its effective internal expo-
sure, thereby minimizing neurotoxic manifestations. Our findings
further highlight that while CNT-M possesses favorable dimen-
sions for BBB passage, the relatively larger, sheet-like GO-M is
less bioavailable to neural tissue under the tested conditions. The
absence of measurable neurotoxic effects in the GO-M groups fur-
ther underscores the critical role of nanoparticle morphology in
determining biodistribution and organ-specific toxicity.

H&E (A) FITC (B

CNT-M 10 CNT-M 5 GO-M 20 GO-M 10 GO-M 5 Cont

CNT-M 20

DAPI (C

3.8 | Histopathological and Molecular Indicators
of Neurotoxicity Induced by GO-M and CNT-M
Nanoparticles

To evaluate the extent of damage in zebrafish brain tissue fol-
lowing exposure to varying concentrations of GO-M and CNT-M
nanoparticles, histological examinations were performed using
H&E staining (Figure 14). Brain tissues from the control group
displayed normal histological architecture, with no evidence of

TEXAS RED (D, MERGE (E,

FIGURE 14 | Representative images of zebrafish brain tissue illustrating histopathological alterations and immunofluorescent markers of oxida-

tive and nucleolar stress following exposure to various concentrations of GO-M and CNT-M nanomaterials. (A) H&E staining reveals tissue degen-

eration and necrosis. (B) Immunofluorescence staining for 8-OHdG (FITC channel) indicating oxidative DNA damage. (C) Nuclear counterstaining

with DAPI. (D) NOP10 expression visualized using TEXAS RED, indicatingnucleolar stress. (E) Merged images showing co-localization of markers.

Scale bars: 10 um for H&E images; 100 um for immunofluorescence images.
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pathological alterations. Similarly, exposure to low concentra-
tions of both GO-M and CNT-M (5mg/L) did not result in any
observable tissue damage, indicating a lack of neurotoxic effects
at these levels. At a concentration of 10mg/L, GO-M exposure
led to very mild vascular hyperemia, although this change was
not statistically significant. A higher dose of GO-M (20mg/L)
induced mild signs of degeneration within the brain tissue. In
contrast, exposure to CNT-M at 10mg/L resulted in compara-
ble levels of mild hyperemia, again without statistically signif-
icant difference. However, at the highest tested concentration
of CNT-M (20 mg/L), more pronounced neurotoxic effects were
observed, including moderate levels of brain tissue degeneration
and evidence of mild necrosis. These findings suggest a dose-
dependent pattern of neurotoxicity, particularly in the CNT-
M-exposed groups, where pathological changes became more
evident with increasing concentration.

Histopathological alterations are considered reliable indicators
of tissue-level damage caused by toxic substances. In this con-
text, the absence of structural disruption at lower concentrations
of GO-M and CNT-M suggests minimal neurotoxicity, while the

*%

more substantial damage observed at higher concentrations,
especially with CNT-M, underscores its greater neurotoxic po-
tential. These observations also align with previous reports in-
dicating that melamine may induce organ-specific pathological
changes, primarily affecting the kidneys more severely than
other tissues (Yang et al. 2022).

To further investigate potential neurotoxic mechanisms, oxida-
tive DNA damage and nucleolar stress were assessed in zebrafish
brain tissue using immunofluorescence staining for 8-OHdG and
NOP10, respectively (Figure 14). In control specimens, as well as
in those exposed to 5 and 10mg/L of GO-M, expression levels of
both markers remained negative. Mild cytoplasmic expression
of 8-OHdG and NOP10 was detected in neuropils following ex-
posure to 20mg/L GO-M, suggesting the initiation of oxidative
and nucleolar stress at this higher concentration. CNT-M expo-
sure led to a more pronounced response. While 5mg/L CNT-M
did not alter expression levels, exposure to 10mg/L resulted in
mild cytoplasmic positivity for both 8-OHdG and NOP10. At
20mg/L, a moderate increase in expression was evident in neu-
ropil regions, indicating progressive stress accumulation. These
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FIGURE 15

| Quantitative analysis of histopathological and immunofluorescence findings in zebrafish brain tissues following exposure to GO-M

and CNT-M nanoparticles. The graph presents statistical comparisons of neurophil degeneration and necrosis (* p=0.0108, ** p=0.0022), 8-0HdG
expression levels (* p=0.0108, ** p=0.0028) and NOP10 expression levels (* p=0.0108, ** p=0.0022).
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molecular markers clearly demonstrate that both oxidative and
nucleolar stress intensify with increasing nanoparticle concen-
tration, with CNT-M inducing a stronger response than GO-M.

The immunofluorescence data support the hypothesis that
melamine-functionalized carbon-based nanomaterials can
cause neurotoxicity via oxidative and nucleolar stress pathways.
The heightened sensitivity of neuronal cells, as indicated by
increased expression of stress markers in neuropils, suggests
that the central nervous system is particularly vulnerable to
nanoparticle-induced damage. Overall, these results highlight
CNT-M's greater potential to elicit neurotoxic effects compared
to GO-M, especially at higher concentrations.

ROS, generated both endogenously through aerobic metabolism
and exogenously by environmental agents such as chemical
carcinogens and ionizing radiation, can inflict damage on ge-
nomic DNA. Among the most prevalent and mutagenic oxida-
tive DNA lesions is 8-OHdG, a modified guanine base formed
in response to ROS. 8-OHAG is highly mutagenic due to its
ability to mispair with cytosine (C) or adenine (A) during DNA
replication, resulting in G:C to T:A transversions both in vitro
and in vivo. Consequently, 8-OHdG is widely recognized as a
reliable biomarker for oxidative DNA damage (Ke et al. 2010).
In our study, the levels of 8-OHdG in zebrafish brain tissue
did not significantly increase in the low-concentration GO-M
groups (5 and 10mg/L), suggesting that these doses did not in-
duce melamine-related oxidative DNA damage (Figure 15). This
represents the first report investigating melamine's impact on
oxidative DNA damage in a fish model. Interestingly, among all
the tested conditions, only the CNT-M 20mg/L group showed
a notable elevation in 8-OHdG expression, indicating a dose-
dependent oxidative genotoxic effect for CNT-M, but not for
GO-M (Figure 15).

Furthermore, marked differences in biomarker responses, par-
ticularly 8-OHdG and NOP10 expression, between GO-M 20
and CNT-M 20 groups highlight the influence of distinct phys-
icochemical characteristics of the nanoparticles. Differences in
surface area, shape, dispersibility, and protein corona formation
may contribute to variations in cellular uptake and subcellular
localization (Kopac 2021). The tubular morphology of CNT-M,
for instance, may promote more efficient penetration of lipid
membranes and interaction with nuclear DNA or nucleolar com-
ponents, thereby exacerbating its toxic potential.

This hypothesis is supported by previous findings, where Wu
et al. (2009) reported low melamine accumulation in brain tis-
sue, and Chu et al. (2013) demonstrated short melamine half-
lives. However, in our study, elevated NOP10 expression in
the GO-M 20, CNT-M 10, and CNT-M 20 groups suggests that
melamine-modified nanomaterials may induce nucleolar stress
and potentially activate alternative programmed cell death path-
ways, possibly linked to DNA damage (Pereboom et al. 2011).
Our data indicate that NOP10 holds promise as a biomarker for
detecting neurotoxicity and nucleolar stress in zebrafish. While
further studies are required to validate its specificity and sensi-
tivity across different toxicity mechanisms, the present results
support its use in zebrafish models as a valuable tool for mecha-
nistic toxicology research.

4 | Conclusion

Growing concerns over melamine exposure, particularly
through food contamination, highlight the urgent need to un-
derstand its toxicological effects, especially when integrated
with nanomaterials. In this study, we systematically evaluated
the physiological, morphological, histopathological, and im-
munohistochemical responses of zebrafish larvae following
short-term exposure to GO-M and carbon nanotubes (CNT-M).
Our results show that GO-M nanoparticles exhibit significantly
lower toxicity than CNT-M, suggesting a comparatively safer
profile for GO-based nanostructures modified with melamine.
This research provides valuable insight into how nanomaterial
shape, surface chemistry, and functionalization collectively in-
fluence biological responses. Despite being functionalized with
the same organic molecule, the distinct structural and physico-
chemical properties of GO and CNT led to markedly different
toxicological outcomes. These findings underscore the impor-
tance of considering nanocarbon architecture when evaluating
potential environmental and biological risks.

By leveraging the zebrafish model, our work contributes to the
growing body of evidence supporting its utility in environmen-
tal toxicology and human health risk assessment. Moreover, this
study advances our understanding of melamine's interaction
with engineered nanomaterials and the resulting implications
for aquatic organisms. These findings may inform future regu-
latory strategies, promote safer nanomaterial design, and guide
the monitoring of melamine-related hazards under environmen-
tally relevant exposure scenarios.
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