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Abstract
Epilepsy is a condition in the brain cause frequent seizures and related comorbidities. The major hindrance during the design of 
antiepileptic drugs is their permeability through the blood–brain barrier (BBB). Recently, advancements in biology and engineering 
have led to the development of nanocomposites for drug delivery through the BBB. In this study, we have fabricated a novel type 
of nanoparticles using a plant compound, naringenin, with graphene oxide (NGO). The mean size of the fabricated nanoparticles 
was obtained as 73.1 nm and the polydispersity value was obtained as 3.286 through dynamic light scattering measurement. The 
average zeta potential value, − 49.6 mV, showed that the nanoparticles were strongly anionic in nature. A fluorescent imaging 
experiment demonstrated that the fabricated fluorescein isothiocyanice (FITC) tagged NGO nanoparticles localised successfully 
in adult zebrafish brains. The in vitro antioxidant assay showed that NGO nanoparticles have reduced the levels of 2,2-diphenyl-
1-picrylhydrazyl (DPPH) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) free radicals upto 41.5 ± 0.51 and 
64.25 ± 1.62%, respectively. In vivo developmental toxicity assessment indicated that NGO nanoparticles were non-toxic to the 
developing embryo of zebrafish. The percentage of ROS and apoptosis in zebrafish larvae due to pentylenetetrazole (PTZ) exposure 
was significantly reduced by NGO pre-treatment. Additionally, the behavioural analysis showed that NGO could suppress the PTZ-
induced convulsant behaviour in adult zebrafish. From the results of both in vitro and in vivo experiments, we concluded that NGO 
nanoparticles could be used as promising medicine to treat free radical-induced neuronal damage and epilepsy, provided the results 
need to be reconfirmed in the mammalian model as well as a clinical trial.
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1 Introduction

Epilepsy is a chronic neurological disorder characterised by 
a persistent propensity to produce seizures. Reports state 
that the occurrence of epilepsy among the world popula-
tion is over 70 million. People with epilepsy suffer from 
recurrent seizures, seizure-related comorbidities, stigma, and 

disability [1]. Even though certain nations have access to 
highly advanced treatment, in nations with low resources, 
up to 90% of epileptic patients do not receive proper care 
or antiepileptic medicine in the usual sense [2]. Numerous 
pathophysiological processes, including neurotransmitter 
changes, oxidative stress and an imbalance between the Glu-
tamatergic and GABAergic systems, have been postulated 
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to underlie epilepsy. The antiepileptic medications that 
are clinically available and used to treat epileptic seizures 
cause several psychological comorbidities. Hence, the need 
for new antiepileptic medications with better tolerance and 
efficacy remains unmet [3].

As said earlier, one of the factors involved in the onset 
of epilepsy is oxidative stress due to the generation of free 
radicals. Free radicals such as reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) are significant factors 
involved in the aetiology of epilepsy [4]. Excess production of 
free radicals during neuroinflammation damages neurons and 
cause neurodegenerative disease such as epilepsy [5]. On the 
other hand, through voltage-gated and N-methyl-d-aspartate 
(NMDA)-dependent ion channels, epileptic seizures enhance 
the inflow of Calcium  (Ca2+). Once the NMDA type of glu-
tamatergic receptor is activated, it triggers the Ca-dependent 
Nitric oxide synthetase (NOS) activity and nitric oxide (NO) 
release [5]. Hippocampus astrocytes, oxidative stress, and 
neuron death are pathogenic and biochemical phenomena 
connected to epilepsy that are facilitated by NR2B subunits 
of the NMDA receptor [6]. The NO produced reacts with ROS 
and forms nitroxyl radicals, which further leads to neuronal 
damage. Previous reports indicated elevated NO levels dur-
ing epilepsy in animal models [7]. Pentylenetetrazole (PTZ) 
induced kindling of seizures is a well-established model to 
study chronic epilepsy. The mechanism of PTZ involves 
molecular alterations that induce oxidative stress and sub-
sequent neurodegeneration. Several studies report that PTZ 
kindling induces oxidative damage in mice [8]. The brain is 
highly prone to damage by free radicals since the action of 
antioxidant enzymes is highly limited. Hence, we hypothesise 
using external free radical scavengers to remedy oxidative 
stress-induced neuronal damage during epileptogenesis.

Flavonoids are among the naturally occurring substances 
that can alter various signalling pathways implicated in neuro-
degeneration [9]. One of those naturally occurring flavonoids 
with neuroprotective properties is naringenin (NA). Growing 
attention has been given in recent years to NA for its possible 
therapeutic benefits on neurological illnesses [10]. NA has 
shown promise in treating neurodegenerative diseases, but its 
limited bioavailability and demanding access to the brain pre-
sent significant obstacles. The blood–brain barrier (BBB), one 
of the body’s most critical microenvironments, protects the 
central nervous system and controls its homeostasis. BBB is a 
highly intricate system that tightly controls the transit of ions, 
a small number of tiny molecules, and an even smaller number 
of macromolecules from the blood to the brain, shielding it 
from harm and disease. However, BBB also severely hinders 
medicine delivery to the brain, making it impossible to treat 
various neurological illnesses [11]. As a result, a number of 
ways are being studied to improve medicine delivery across 
the BBB. The use of nanoparticles in various technologies 
is growing quickly. Nanoparticles are particles with a size 

between 1 and 100 nm that function as a single entity for 
transportation and characteristics. These engineered cus-
tomisable devices with sizes in the order of nanometres have 
recently been suggested as an attractive tool, perhaps capa-
ble of solving the unmet problem of increasing medication 
transport across the BBB [12]. Among different nanostruc-
tures, graphene-based nanostructures, particularly those made 
from reduced graphene oxide, are finding greater application 
in neuronostics. For instance, surface-enhanced Raman spec-
troscopy has been utilised to identify beta-amyloid and tau 
proteins in whole blood using hybrid nanostructures made 
of graphene oxide (GO) and magnetic core-plasmonic shell 
nanoparticles [13]. Graphene-based platforms may be helpful 
for the treatment of Alzheimer’s disease, Parkinson’s disease, 
and amyotrophic lateral sclerosis [14]. Reduced GO (rGO) has 
been utilised to detect the neurotransmitter dopamine [15]. 
Graphene has been employed as a scaffold to restore lost 
functioning in brain cells in addition to these diagnostic and 
therapeutic uses [16]. In this study, we prepared nanoparticles 
fabricated with NA and GO to examine their drug delivery 
potential across the BBB of zebrafish. We have also evalu-
ated the antioxidant and anticonvulsant effects of fabricated 
nanoparticles in PTZ-exposed larval and adult zebrafish.

2  Materials and methods

2.1  Reagents

Naringenin (NA, molecular weight-272.257 g/mol, purity-95%, 
purchased from Sigma-Aldrich), NA stock solution (1 mM) 
was prepared by dissolving in NA in 1 × PBS (pH-7.4), Pen-
tylenetetrazole (PTZ, purity 99%, purchased from SRL), 
reduced graphene oxide (rGO, purchased from Sigma-
Aldrich). 2,2-Diphenyl-1-Picrylhydrazyl (DPPH, purity-95%), 
2,7-Dichlorofluorescein Diacetate (DCFDA, purity-97%), 
Acridine orange (AO, purity-99%), Fluorescein Isothiocyanate 
Isomer I (FITC, purity-95%) were purchased from SRL Pvt.
Ltd, ABTS salt (purity-98.5%, purchased from SRL Pvt. Ltd), 
Potassium persulfate (purity-98%, SRL Pvt. Ltd).

2.2  Fabrication of NGO nanoparticle reagents

Naringenin-graphene oxide (NGO) nanoparticles were prepared 
as previously described [17] with a few minor changes. The 
rGO was dispersed in deionised water to obtain GO solution 
(0.5%). Then, the mixture was vortexed well to obtain a homog-
enous suspension. To achieve the desired final concentration, 
1 mM NA in PBS was combined with GO solution. Then, the 
solution was subjected to ultrasonication using a probe Sonica-
tor (Vibracell, Sonics material Inc., Newtown, CT) for 60 min 
with 5-min on/off cycles. The procedure was repeated to obtain 
enough nanoparticle that was needed for all the experiments. 
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The free NA in NGO solution was filtered using 30 KDa filter 
and the concentration of NA in NGO was determined using UV 
spectrometer at 256 nm as described by [18]. The percentage of 
drug loaded in nanoparticle was calculated using the following 
equation.

Drug loaded (%) = ((OD of NA—OD of untrapped NA)/
OD of nanoformulation) × 100.

The conjugated NGO nanoparticles were redispersed in 
distilled water and taken for further characterisation. The 
dilution of NGO stock was carried as 20, 40, 60, 80 and 100 
μL per 1 mL of PBS, to achieve the final concentration of 
NA in the NGO as 20, 40, 60, 80 and 100 μM, respectively.

2.3  Physiochemical, morphological and functional 
group characterisation for NGO

The particle size, polydispersity index (PI) and zeta potential 
of the prepared NGO were analysed using the zeta analyser 
(Horiba Scientific SZ-100). The NGO solution of 100 µL 
mixed with 2 mL deionised water as a dispersion medium 
of viscosity 0.893 mPa.s at 25.1 °C. To picture surface mor-
phology, the synthesised NGO solution was dried into thin 
film over silica substrate using a hot plate and the substrate 
was mounted was visualised under high-resolution scanning 
electron microscopy (HRSEM) (Thermoscientific Apreo 
S). The size distribution of individual nanoparticle was 
calculated in images from HRSEM using ImageJ software 
[19]. Additionally, the functional groups in NGO solution 
were determined using Fourier-transform infrared (FTIR) 
spectroscopy (Shimadzu) analysis with the wave number 
ranging from 400 to 4000  cm−1. The crystallographic struc-
ture of NGO was examined using X-ray diffraction (XRD) 
(BRUKER USA D8 Advance, Davinci, Germany) from a 
range (2θ) of 5° to 60°.

2.4  In vitro drug release assay

The in vitro drug release assay which mimics the oral drug 
administration was performed using Dialysis membrane sus-
pended in solutions of physiological pH-1.2 (HCl) and 6.8 
(PBS) [18]. The NGO solution (100 μM) was taken in dialysis 
membrane (Repligen, MA, US) suspended in the medium and 
was kept in shaker incubator of 100 rpm at 37 °C. The free 
molecules of NA released through the 0.2-μm pores of filter 
membrane were collected at different time intervals (24, 48, 72 
and 96 h) and quantified using UV–visible spectrophotometer 
at 288 nm.

2.5  In vitro screening of antioxidants potential 
of NGO

To determine in vitro antioxidant potential of NA, GO and 
NGO, the stock solutions were prepared as 1 mM Trolox, 

1 mM NA, and NGO solution (stock preparation explained 
in Sect. 2.1). From the stock, the working solution is pre-
pared as group A (20 μM), group B (40 μM), group C 
(60 μM), group D (80 μM) and group E (100 μM). For GO, 
0.5% solution was prepared as stock and diluted as same as 
NGO solution.

2.5.1  DPPH scavenging assay

The DPPH radical scavenging activity of NGO was per-
formed as described with some modifications [20]. DPPH 
solution (300 µM) was mixed with different volumes of 
Trolox, NA, GO and NGO and incubated in the dark for 
30 min. After incubation, the samples were taken for quan-
tification at 517 nm wavelength using UV–visible spec-
trometer (Shimadzu-UB1800) and expressed in percentage 
of inhibition.

2.5.2  ABTS+ cation scavenging assay

The ABTS cation radicals decolourisation test was slightly 
modified to assess the compound’s (NA, GO, NGO) capacity 
to scavenge free radicals [21]. Briefly, ABTS solution was 
prepared by dissolving ABTS salt (7.0 mM) in potassium 
persulfate (2.45 mM). The reaction mixture was diluted with 
0.2 M PBS (pH 7.4) at 30 °C to an absorbance of 0.7 ± 0.02 
at 734 nm. NA, GO, and NGO was mixed in varying vol-
umes and maintained at 30 °C for one hour. The proportion 
of ABTS radical scavenging activity was determined using 
data obtained at 734 nm.

2.6  NO scavenging assay

A previously published Griess reagent method was followed 
with a few minor modifications for the NO scavenging activ-
ity [22]. Freshly prepared 0.1% naphthyl ethylene diamine 
dihydrochloride in 2.5% phosphoric acid was mixed with 1% 
sulphanilamide in 2.5% phosphoric acid to form the Griess 
reagent. The NA, GO, and NGO were each combined with 
a different concentration of Sodium nitroprusside (10 mM) 
in 1X PBS, and the Griess reagent was added in an equal 
amount. The absorbance was measured at 546 nm follow-
ing incubation, and the percentage of nitric oxide inhibition 
was calculated.

2.7  Zebrafish maintenance and treatment

Zebrafish larvae and adults were purchased from Tharun 
fish farm, Chennai, and were maintained as per the regu-
lations of institutional ethical committee approval (SAF/
IAEC/211215/004). For zebrafish larvae and adult fish, 
the experimental groups were divided as control (untreated 
healthy fish), PTZ (exposed to 15 mM PTZ), NA (100 μM 
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NA + 15 mM PTZ), GO (0.5% GO + 15 mM PTZ) and NGO 
(100 μM + 15 mM PTZ). Zebrafish larvae (96 hpf) cultured 
in E3 were pre-treated with NA, GO and NGO, respectively 
in NA, GO and NGO groups. After 24 h of pre-treatment, 
larvae in each group (except the control group) were exposed 
to PTZ (15 mM) containing E3 medium for 1 h and then 
taken for further analysis. For adult fish, 10 μL from each 
stock solution was injected using microinjection (Thermo-
scientific, USA), six hours before the PTZ exposure. Then 
the fish were exposed to 15 mM PTZ solution and taken for 
further analysis.

2.8  Developmental toxicity assessment

Zebrafish embryos (3 hpf) were used to determine the 
developmental toxicity of NA, GO and NGO. Zebrafish 
embryo was taken in 6-well plates and various volume of 
NA, GO and NGO was added in wells and a photograph 
of the embryos was taken every 24 h until 3 days. Mortal-
ity among embryos was calculated and plotted in the graph 
using GraphPad Prism 4 software [23].

2.9  Determination of in vivo ROS reducing 
the potential of NGO

To assess the impact of NA, GO, and NGO on in vivo ROS 
scavenging, DCFDA fluorescent staining assay was carried out 
in 96 hpf zebrafish larvae. Zebrafish larvae pre-treated with NA, 
GO and NGO were exposed to PTZ for 1 h. Then the larvae 
were anesthetised using 0.01% tricaine, stained with 20 µg/mL 
of DCFDA and taken for imaging under fluorescent microscopy 
(Leica microsystems, Wetzlar and Mannheim, Germany). The 
fluorescence intensity emitted from the zebrafish larvae was 
quantified using ImageJ software [24].

2.10  Determination of in vivo apoptosis level 
in zebrafish larvae

The zebrafish larvae were stained with A.O. to determine the 
onset of apoptosis. Zebrafish larvae (96 hpf) from each group 
were anaesthetised with 0.01% tricaine (Sigma-Aldrich) and 
stained with AO of concentration 20 µg/ml. After adding 
the stain, larvae were kept in the dark for 20 min, followed 
by washing with 1 × PBS. Larvae were then taken in glass 
slides and observed under the fluorescent microscope. The 
percentage of apoptosis was calculated by measuring the 
fluorescence intensity using ImageJ software [25].

2.11  Localisation of NGO in larvae and adult 
zebrafish

NGO solution (100 µg/mL) was mixed with 50 µM of FITC 
and incubated overnight. Then the mixture was centrifuged 

thrice at 12000 rpm for 15 min, and the pellet was dissolved 
in freshwater [26]. The FITC-NGO mixture prepared was 
injected into adult zebrafish using microinjection. After 6 h, 
the brain from the zebrafish was separated and fixed using 
4% formaldehyde for 24 h. Then the brain was sectioned 
using the Cryostat microtome (Leica CM1520) and the sec-
tions were observed under the fluorescent microscope.

2.12  Zebrafish behavioural analysis

The changes in the behavioural pattern of adult zebrafish 
were determined by novel tank assay. The zebrafish were 
injected with NGO of 10 µL through microinjection. After 
6 h, the injected zebrafish were introduced to the PTZ solu-
tion for 5 min. Then the zebrafish were transferred to novel 
tank water and the behaviour was recorded. The movement 
of zebrafish was processed using UMATracker software [27] 
and plotted in Origin software.

2.13  Statistics

The data presented in this study are the mean of three replicates 
and their respective standard deviation (S.D.). Also, the data 
in graphs were analysed using one-way ANOVA and two-way 
ANOVA followed by Dunnet, Bonferronni and Tukey multiple 
comparisons using GraphPad Prism (version 9.0).

3  Results and discussion

3.1  Characteristics of NGO

Generally, the size of nanoparticles should be between 
1 and 100 nm [28]. In this study, the results obtained 
from the zeta analyser showed that the mean (Z-aver-
age) particle diameter of fabricated NGO nanoparticles 
was 73.1  nm, whereas the PI was obtained as 3.286. 
The charge and potential stability of the particle in a 
medium were determined in terms of zeta potential. The 
zeta potential value greater than + 30 mV and less than 
-30 mV, indicates the strong cationic and anionic nature 
of the nanoparticles, respectively. In this study, the mean 
zeta potential obtained for NGO was -49.6 mV which 
represents strong anionic nature of fabricated NGO. The 
drug loading capacity in nanoparticle was determined by 
indirect method using UV visible spectrometer analysis 
and the results obtained showed that 89.37% of NA was 
conjugated with GO in NGO nanoparticles. Addition-
ally, to study the morphological characteristics, NGO 
was pictured under HRSEM and resultant images were 
shown in the Fig. 1. The morphology of NGO observed 
under HRSEM at the magnification of 1 ×  105X showed 
the formation of spikes-containing elliptical particles. 
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Further, the size distribution of nanoparticle from SEM 
calculated using ImageJ software showed that the length 
and width of particle were 27.99 and 16.35 respectively. 
The structure of nanoparticles observed in SEM was fur-
ther studied using XRD pattern analysis. The result from 
the XRD analysis was plotted and presented in Fig. 1. 
The resultant pattern from XRD analysis for NGO nano-
particles showed diffraction peaks at angles 25.3°, 26.3°, 
28.1°, 32.7°, 38.5°, 40.1°, 43.3° and 54.4° corresponds to 
(111), (002), (220), (101), (111), (111), (111) and (110) 
planes respectively. The diffraction angles such as 28.9, 
32.7, 38.5, 54.4 indicates belong to graphene oxide as 
reported previously [18, 29]. FTIR analysis was carried 
out to determine the functional groups present in NGO 
nanoparticles, whereas the plane (002) at angle 25.3° 
indicates NA as previously reported by Krishnakumar el 
al [30]. The graphical representation of FTIR results is 
displayed in Fig. 1. A peak was observed at 3323  cm−1, 
which represents the O–H stretch. Another peak was 
observed at wavelength of 1637, which suggests the 
C = O stretch. Both these peaks were common in NA, 
GO and NGO. Whereas, in the fingerprint region, NGO 
showed a short peak at wavelength 1016, representing 
the C-H stretch [31].

3.2  Drug release assay

The results from the drug release assay (Fig. 2) showed that 
at pH 1.2, the percentage of drug released was 0.67 ± 0.5, 
18.23 ± 3.13, 39.24 ± 3.36, 55.19 ± 2.28 and 68.87 ± 6.47 at 
0, 24, 48, 72 and 96 h respectively. Whereas in pH 6.8, the 
percentage of drug release at intervals 0, 24, 48, 72 and 96 h 
was 0.45 ± 0.25, 13.64 ± 3.90, 29.1 ± 3.63, 45.19 ± 4.22 and 
59.61 ± 2.03 respectively. The cumulative percentage of drug 
released at pH 1.2 was less compared to drug release at pH 
6.8. The earlier literature states that the contraction in nano-
formulation occurs at acidic pH due to the unionisation of 
carboxylic acids, which leads to a slower rate of drug release 
[32]. However, a comparatively higher percentage of degra-
dation was observed at pH 6.8 which shows that the prepared 
nanoparticle was pH sensitive and could aid in the sustained 
release of NA in the stomach and intestinal environment.

3.3  Free radicals scavenging activity of NGO

The exact mechanisms of antioxidant molecules are difficult 
to study using in vivo methods. Hence, there are few cell-
free assays to study the chemical mechanism of action of 
the antioxidant compound. The two significant mechanisms 

Fig. 1  Morphology analysis 
of Naringenin-graphene oxide 
(NGO) nanoparticles. (a) 
Spike structures (highlighted 
in red) of NGO nanoparticles 
observed under a scanning 
electron microscope (HRSEM), 
scale- 500 nm, (b) individual 
NGO nanoparticle (highlighted 
in Fig. 1a), which size was cal-
culated using ImageJ software, 
(c) XRD patterns of fabricated 
NGO nanoparticle. The dif-
fraction peaks at 2θ values 
of 25.3°, 26.3°, 28.1°, 32.7°, 
38.5°, 40.1°, 43.3° and 54.4° 
correspond to (111), (002), 
(220), (101), (111), (111), (111) 
and (110) planes respectively 
were obtained from NGO 
nanoparticle. (d) FTIR spectra 
of obtained from NA, GO, NGO 
nanoparticle. The peak at 3323 
and 1637  cm−1 corresponds to 
O–H and C = O were observed 
in all three samples, whereas 
in NGO nanoparticle, a peak at 
1016 which corresponds to C–C 
stretch was observed
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such as hydrogen atom transfer (HAT) and single electron 
transfer (SET) are involved in free radical scavenging due 
to antioxidant molecules. DPPH and ABTS are the most 
common methods used to determine the HAT and SET 
mechanisms of antioxidants. The change of colour of DPPH 
from dark violet to pale due to the antioxidant action of NA, 
GO and NGO was quantified using a UV–visible spectro-
photometer. The percentage of DPPH radicals scavenged 
by Trolox was 79.15 ± 10.34. Whereas NA, GO and NGO 
showed a concentration-dependent increase in DPPH radical 
scavenging activity with respective values of 24.95 ± 0.35%, 
18.1 ± 0.2%, and 41.5 ± 0.51% in group E (Fig. 3). The 
ABTS cation scavenging assay was used to determine the 
antioxidant potential NA, GO and NGO in the presence of 
peroxides. The result obtained by U.V.- spectrophotometer 
analysis showed that NA, GO and NGO reduced ABTS 
cation up to 46.5 ± 2.89, 32.8 ± 1.06, and 64.25 ± 1.62% in 
group E, respectively (Fig. 3). The results obtained from 
nitric oxide assay showed that at group E, the percentage of 
free nitric oxide molecules present after addition of NA, GO 
and NGO were reduced in a concentration-dependent man-
ner and showed 30.1 ± 0.9%, 16.5 ± 2.61% and 24.2 ± 1.4%, 
respectively in group E (Fig. 3).

The result from the current study indicates that NGO 
nanoparticles showed DPPH radical scavenging activity in a 
concentration-dependent manner. While compared with NA 
and GO, NGO showed higher scavenging of DPPH radicals. 
Similarly, in the ABTS assay, NGO nanoparticles showed 
higher scavenging of ABTS radicals compared to NA and GO 
Additionally, the increase in scavenging of ABTS by NGO 
nanoparticles showed a concentration-dependent manner. 
Both these results indicate that NGO has the potential to scav-
enge the free radicals by donating hydrogen or by transferring 
one or more electrons [33]. Furthermore, the results from the 
NO estimation method showed that the level of nitric oxide in 

the solution was reduced in a concentration-dependent manner 
with the addition of NA, GO and NGO. Scavenging of NO 
radicals subsequently reduces the generation of nitroxyl radi-
cals, as discussed earlier. Although the antioxidant mechanism 
of NA was well studied earlier, the results from our experi-
ment showed that the antioxidant scavenging potential of NA 
was enhanced through the formulation of NGO.

Fig. 2  The percentage of drug released from the fabricated nano-
particle at different physiological pH such as 1.2 and 6.8 which 
resembles stomach and intestinal release. The drugs released from 
dialysis membrane at different time intervals (0, 24, 48, 72 and 96 h) 
were converted into percentages and the graph was plotted with 
mean ± S.D

Fig. 3  In vitro antioxidant assays (a) ABTS.+ scavenging assay, (b) 
DPPH radical scavenging assay, (c) nitric oxide radicals scavenging 
assay. PBS (1X) was taken as control. Group A (20  μM), group B 
(40 μM), group C (60 μM), group D (80 μM) and group E (100 μM) 
were aliquots from 1 mM stock of Trolox, NA, NGO nanoparticle and 
0.5% GO solution. The graph is plotted with data from triplicates of 
experiments using two-way ANOVA analysis followed by the Dun-
nett multiple comparison method. * represents significant difference 
p < 0.05, ** represents significant difference p < 0.01, *** represents 
significant difference p < 0.001 and **** represents significant differ-
ence p < 0.0001
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3.4  Effect of NGO on zebrafish embryo 
development

Zebrafish embryos were used in the study to demonstrate the 
antioxidant and antiepileptic activity of fabricated NGO in the 
in vivo vertebrate model. The results from the zebrafish embryo 
developmental toxicity assessment showed no malformation 
in NA and NGO-treated embryos (Fig. 4). Whereas, in GO 
pre-treated group, morphological malformation was observed 
at the end of day 3. The mortality results showed that at the 
end of day 3, the number of larvae that survived in NA and 
NGO was 17 ± 1 and 18 ± 1, respectively. Whereas in the GO 
group, the number of larvae that survived at the end of day 3 
was 14 ± 2. The results from the developmental toxicity assay 

indicate that both NA and NGO were non-toxic to developing 
zebrafish embryos. These results are similar to an earlier finding 
[34], which states that the anionic nanoparticles are non-toxic 
at lower concentrations and the level of toxicity exerted by ani-
onic nanoparticles is less compared with neutral and cationic 
nanoparticles. On the contrary, the embryo treated with GO 
showed morphological abnormality at 3 dpf (bent spine). A 
similar result was also reported previously on GO-induced 
toxicity in zebrafish embryos [35]. Additionally, the mortality 
analysis indicates that there is no significant difference between 
NGO and control groups (Fig. 3). But a considerable number 
of mortality differences among embryos was observed between 
the control and GO groups at the end of 3dpf. Both the results 
from developmental toxicity and mortality analysis proved that 

Fig. 4  Zebrafish embryo 
developmental toxicity assay. 
Zebrafish embryos after treat-
ment with PBS (control), NA, 
GO and NGO nanoparticles 
were observed under a light 
microscope for 3 consecu-
tive days. (a) Gastula stage 
of the embryo on day 1, (b) 
after organogenesis on day 
2, (c) larval stage (hatched 
from an embryo) on day 3; 
arrow indicates the bent spine 
observed in GO-treated larvae; 
scale = 200 μm. (d) The number 
of larvae that survived up to 
3 days in the control, NA, GO 
and NGO groups was recorded 
and data in the graph represent 
mean and SD calculated from 
three independent experiments. 
* represents a significant differ-
ence at p < 0.05 calculated using 
two-way anova following Tukey 
multiple comparison method
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the toxic effect of GO was suppressed in the fabricated NGO 
nanoparticles.

3.5  Effect of NGO on PTZ‑induced intracellular ROS 
in zebrafish larvae

The results obtained through the DCFDA staining assay 
are shown in Fig. 4. The percentage of ROS produced in 
control larvae was 15.8 ± 2.4, whereas the ROS observed 
in PTZ-exposed larvae was 65.5 ± 3.23%. On the other 
hand, the level of ROS obtained in NA, GO, and NGO-
treated larvae was decreased to 22.3 ± 1.2, 64.4 ± 1.8, 
and 17.8 ± 0.8%, respectively. The strength of fluorescent 
intensity from DCFDA is directly proportional to the level 
of ROS present in the host. Hence, from the results, it is 
clear that PTZ exposure has induced the production of 
excess ROS in zebrafish larvae. Similarly, GO pre-treated 
larvae also showed a high intensity of green fluorescence, 
indicating that either GO has no effect on PTZ-induced 
ROS production or GO itself induces ROS production in 
zebrafish larvae. This was made evident in an earlier study 

[36, 37], which showed that graphene materials produce 
cytotoxicity by inducing ROS production. On the con-
trary, the results from NA and NGO pre-treated larvae 
showed a decrease in the ROS level after the PTZ-induced 
stress. Additionally, the level of ROS produced in NGO-
pretreated larvae was less compared with NA and GO-pre-
treated larvae. This indicates the enhanced potential of 
fabricated nanoparticles in scavenging intracellular ROS.

3.6  Effect of NGO on PTZ‑induced apoptosis

The results from the acridine orange stain show that, dur-
ing 15 mM PTZ exposure, the percentage of cells under-
going apoptosis was 30.8 ± 0.7. In contrast, this percent-
age dropped to 11.2 ± 0.3, 33.5 ± 1.3, and 8.02 ± 0.41% in 
zebrafish larvae pre-treated with NA and NGO, respec-
tively. The resultant images obtained through fluorescent 
observation and the intensity quantification graph are 
shown in Fig. 5. Excess of ROS leads cells to undergo 
stress-mediated apoptosis via a Caspase-dependent path-
way. Our results from acridine orange staining showed a 

Fig. 5  In vivo fluorescent assays. (a) Images of zebrafish larvae 
stained with DCFDA fluorescent dye. The resultant green fluorescent 
observed represents the presence of ROS in the body of zebrafish lar-
vae. (b) Cell apoptosis (red dots) in zebrafish larvae observed under 
the fluorescent microscope using acridine orange stain. (c) The per-
centage of ROS in larvae was quantified and plotted based on the 
fluorescent intensity using ImageJ software. (d) The percentage of 

apoptosis was calculated using ImageJ software. Control represents 
untreated larvae, PTZ represents Pentylenetetrazole, NA represents 
naringenin, GO represents graphene oxide, and NGO represents nar-
ingenin-graphene oxide nanoparticle-treated larvae. Graphs represent 
data from three independent experiments analysed by two-way anova 
followed by Dunnett multiple comparisons. **** represents a signifi-
cant difference p < 0.0001
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high percentage of apoptotic cells in PTZ and GO pre-
treated groups. On the contrary, the results from NA and 
NGO pre-treated larvae showed significantly less percent-
age of apoptotic cells compared with larvae exposed only 
to PTZ. This decrease in cellular apoptosis might be due 
to the reduced ROS level discussed earlier in the DCFDA 
assay [38].

3.7  Localisation of NGO in zebrafish brain

The fluorescent emissions from FITC tagged with NGO 
were observed and photographed to determine the locali-
sation of drug in the zebrafish brain (Fig. 6). The resultant 
fluorescent images showed the presence of green fluorescent 
dots throughout the brain tissue of adult zebrafish, which 

Fig. 6  Localisation of FITC-
tagged NGO nanoparticles. 
The image represents the tissue 
sections of an adult zebrafish 
brain observed under a green 
channel of the fluorescent 
microscope. (a) Brain tissue 
of zebrafish from the control 
group injected with 1X PBS 
(without FITC-tag). (b) Green 
fluorescence emitted from 
tissue sectioned from zebrafish 
injected with FITC-tagged NGO 
nanoparticles (highlighted in 
red). Scale = 5 μm

Fig. 7  Behavioural analysis 
in zebrafish using novel tank 
test. (a) The movement of adult 
zebrafish injected with 1X PBS 
(control), PTZ and NGO was 
tracked using UMATracker. The 
zebrafish in the control group 
explored all the areas novel 
tank, whereas the PTZ-exposed 
zebrafish failed to explore all 
edges of the novel tank and also 
showed swirl-like (convul-
sant) behaviour. The zebrafish 
pre-treated with NGO explored 
the novel tank as observed 
by the fish from the control 
group. (b) The distance moved 
by zebrafish from each group 
was calculated and plotted as 
a graph. The graph represents 
the distance travelled by adult 
zebrafish in control, PTZ and 
NGO groups for the time period 
of 5 min. *** represents a sig-
nificant difference p < 0.001
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represents the successful localisation of NGO nanoparticles 
in brain. The previous reports proved that, at lower concen-
trations, the uptake of anionic nanoparticles through BBB 
was higher compared with cationic or neutral nanoparticles 
[39]. In this study, FITC-tagged NGO was found localised 
in sectioned tissues of zebrafish brains, indicating that the 
anionic nature of fabricated nanoparticles proved its effi-
cacy in passing through the BBB.

3.8  Locomotion analysis of adult zebrafish

The locomotion analysis on adult zebrafish indicates 
that the adult zebrafish exposed to 15 mM PTZ solution 
showed confused and swirl-like behaviour. Additionally, 
a novel tank assay showed that PTZ-exposed zebrafish 
failed to explore all the areas of the tank compared with 
the fish from the control group (Fig. 7). Similar behav-
ioural result in PTZ-exposed zebrafish was previously 
reported [40]. On the contrary, NGO-injected adults 
explored all the areas of the novel tank similar to the 
fish from the control group. However, NGO-injected 
fish showed hyperactive movement and moved up to 
76.3 ± 8.1 m. In contrast, fish from the control and PTZ 
group moved 18.7 ± 2.4 and 49.5 ± 3.7 m, respectively. 
From the results of behavioural analysis, we hypothe-
sise that pre-treatment of NGO has prevented convulsant 
behaviour in adult zebrafish. Being a sensitive environ-
ment to oxidative stresses, the brain requires the addition 
of external antioxidants to manage the oxidative stressors 
and its related damages. There are several hypotheses 
that suggest the use of antioxidants to prevent the onset 
of epilepsy by mitigating neuronal damage by free radi-
cals [41]. A study by Fontana et al. [42] reported the 
antioxidant and anticonvulsant effect of Taurine in the 
zebrafish model. In the current study, we found similar 
results which support the hypothesis that NGO nano-
particle prevented convulsant behaviour in zebrafish by 
mitigating the oxidative stress induced by PTZ exposure.

4  Conclusion

In this study, for the first time, we fabricated nanopar-
ticles by combining naringenin and graphene oxide and 
characterised their physiochemical, morphological and 
biological properties. We have found that fabricated 
NGO showed enhanced antioxidant activity in  vitro 
on comparing with free naringenin. The results from 
developmental toxicity analysis indicate that the fabri-
cated nanoparticle was non-toxic and additionally, we 
found that the toxic effect of GO was suppressed while 

preparing a nanocomposite. Our results also provided 
pieces of evidence that NGO reduced the levels of ROS 
and subsequent apoptosis induced by PTZ in zebrafish 
larvae. Behavioural analysis with adult zebrafish proved 
that NGO has the potential to reduce the convulsant 
effect induced by kindling through PTZ exposure. Hence, 
we conclude that NGO can be taken to further pharmaco-
logical studies to develop as an efficient anticonvulsant 
agent.
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