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This study investigates the synthesis and characterization of Carbon dots (MA-CDs) derived from

the aqueous extract of Martynia annua and examining their potential effects in an epilepsy model
Drosophila melanogaster. Phytochemical analysis confirmed the presence of saponin, terpeniods,

and flavanoids in the leaf extract, which facilitated the green synthesis of MA-CDs. Physicochemical
characterization revealed an absorbance peak at 326 nm, the mean size of the particle was

3.17 £0.16 nm, and moderate stability (-1.6 mV). To assess the therapeutic potential of MA-CDs
alongside the antiepileptic drug Carbamazepine (CBZ), we conducted behavioral and cognitive assays
in para bang senseless (para®!) mutants of Drosophila, a model organism for epilepsy. Seizures
induced by vortex and heat shock were significantly mitigated in a dose-dependent manner in flies
treated with both MA-CDs and CBZ. However, higher doses of CBZ and MA-CDs increased the climbing
ability of the flies. In cognitive assays, CBZ at higher doses improved memory and learning in mutant
flies, while MA-CDs also showed significant impact. MA-CDs were consumed at a higher rate than CBZ
when incorporated into food. The green synthesized MA-CDs at its higher concentration has garnered
its positive effect on the mutants along with the CBZ antiepileptic drug which also has shown its
positive effects when different concentration of them were treated to the mutants.
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Abbreviations

MA-CDs  Carbon dots

CBZ Carbamazepine

parab! Para bang senseless

FTIR Fourier transform infrared spectroscopy
HR-TEM  High resolution transmission electron microscopy
CT Convulsion time

PT Paralysis time

RT Recovery time

VGSC Voltage gated sodium channel

Epilepsy is a chronic non-communicable neurological disorder characterized by a persistent predisposition to
generate unprovoked seizures and independent of immediate central nervous system insults'. These seizures
may result either from abnormal electrical activity in the brain, leading to involuntary movements, loss of
consciousness, and cognitive impairments or genetic mutations, brain injury, infections, and developmental
disorders?. The activities of seizures may range from staring spells to convulsions and are central to epilepsy,
though they may also result from fever, injury, or metabolic disturbances®. Affecting~50 million people
worldwide, epilepsy constitutes a major public health burden, with an active prevalence of 0.64%, a lifetime
prevalence of 0.76%, and an annual incidence of 61.4 per 100,000 individuals®. Its occurrence is notably higher
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among socioeconomically disadvantaged populations and increases with age which necessitates the requirement
for deeper investigation®.

Drosophila melanogaster serves as a powerful genetic model, for studying human diseases®, including
neurological disorders like epilepsy, due to its shared basic biology, physiology, and neurological properties.
Notably, 75% of human disease-related genes are conserved in flies, of which, bang-senseless (bss) mutants
exhibits seizure-like phenotypes triggered by mechanical stimuli such as vigorous shaking, leading to rapid
muscle contractions followed by transient paralysis”®. Para gene mutations, which encodes voltage-gated
sodium channels, disrupts the balance of excitatory and inhibitory signaling in their nervous system’. Seizures
also impact food intake, cognitive function, and motor abilities which in turn affect their motor control, with
reduced climbing ability used as an indicator of motor dysfunction in epilepsy models!'®-12. bss mutants are also
reported to show seizures resembling those of pharmacologically resistant epilepsies caused by mutation of the
human Na_ SCN1A, the alpha subunit of the voltage-gated sodium channel Nav1.1'%. The study of Drosophila
bang-senseless mutants offers crucial insights into the genetic and molecular basis of epilepsy, providing a robust
platform for research in seizure mechanisms and potential therapeutic approaches.

A prime example of such a therapy is carbamazepine (CBZ), a first-line medication used to manage partial
seizures and primary generalized tonic-clonic seizures!*. CBZ functions by inhibiting VGSC, stabilizing nerve
cell membranes, and preventing the excessive neuronal firing responsible for seizures. While CBZ has proven
effective and relevant in managing epilepsy, it has no therapeutic impact in 30-40% of patients with epilepsy'®.
This treatment gap reflects the need for alternative therapeutic strategies, including novel drug formulations and
advanced delivery systems, to enhance efficacy and overcome drug resistance.

Nanotechnology has emerged as a promising field for novel epilepsy therapies'®. Nanomaterials, including
metal nanoparticles'’, liposomes'®, and polymeric nanoparticles'®, have shown potential in drug delivery,
neuroprotection, and targeted therapy for neurological disorders. Their tunable properties enable precise
interaction with biological systems, improving therapeutic efficacy while minimizing side effects. Among these,
carbon dots (CDs), due to their optical stability, biocompatibility, low toxicity, and ability to cross biological
barriers, makes them ideal for biomedical applications?. Their synthesis follows two main approaches: top-
down, which breaks down larger carbon structures but involves hazardous reagents, and bottom-up, which
assembles smaller precursors and is more cost-effective and energy-efficient’!. Among bottom-up methods,
microwave-assisted synthesis is preferred for its speed and efficiency. Green synthesis, utilizing natural sources
like plant extracts and biomass, offers an eco-friendly alternative, producing biocompatible CDs with minimal
cytotoxicity?>~24,

With increasing focus on sustainability, plant-derived CDs have gained attention due to their rich bioactive
composition, enhancing their biomedical potentialzs. Various medicinal plants, including tulsi?®, turmeric?’,
ginger?8, neem?, and Aloe barbadensis*°, have been explored for CD synthesis and their potential applications in
nanomedicine, bioimaging, and drug delivery. Preliminary studies suggest CDs may exhibit neuro-protective’!
and anti-epileptic properties by mitigating oxidative stress and interacting with neuronal pathways*2. Martynia
annua, or Cat’s claw, is an herbaceous plant of the Martyniaceae family, valued for its unique morphology and
medicinal properties®. The leaves of M. annua are traditionally used for their anti-inflammatory, analgesic,
antimicrobial, and anticonvulsant properties, aiding in pain relief, wound healing, and infection control®%, Tt
also supports digestion, detoxification, respiratory health, fertility, and is used as a remedy for snakebites and
epilepsy®. In folk medicine, it is believed to help manage epilepsy and seizures by calming the nervous system®:.
Some studies also suggest that its bioactive compounds may have neuroprotective effects®. Hence, leaves of
M. annua stands out as a potential precursor for the synthesis of CDs and to explore its possible biomedical
applications.

This study presents the first report on the synthesis and characterization of MA-CDs derived from the leaf
extract of M. annua. In addition to the synthesis process, the study investigates the effects of these MA-CDs and
the drug CBZ on para®! epileptic mutants.

Materials and methods

Collection of plant material

The plant was collected from the region of Western Ghats in Karnataka, India. Martynia annua, with the
accession number (IGGFWC/Marty-043) was identified and authenticated by Dr. Shivanand S. Bhat, taxonomist,
Department of Botany, Smt. Indira Gandhi Government First Grade Women’s College, Sagar, Karnataka, India.

Preparation of leaf extract

The freshly collected leaves were thoroughly washed with tap water, followed by distilled water. Subsequently,
the leaves were dried in the shade and ground into a fine powder. 10 g of leaf powder was added to 100 ml of
distilled water, to obtain the leaf extract. To facilitate the diffusion of plant compounds the mixture was kept in
hot water bath for 1 h at 60 °C. The extract was allowed to cool and it was filtered through Whatman filter paper
No.1, which was further stored at room temperature for future use’.

Qualitative phytochemical analysis
The presence of phytochemicals in the aqueous leaf extract was assessed following a previously reported
method?3, as detailed in Table 1.

Quantitative phytochemical estimation

Estimation of total flavonoid content

The total flavonoid content (TFC) of the plant extract was determined using boric acid and oxalic acid, with
quercetin as the standard. A stock solution of quercetin was prepared by dissolving 10 mg of quercetin in 10 mL
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Chemical
constituent | Test Observation Result
. Wagner'’s test: To the 2 ml of leaf extract, few drops of Wagner’s reagent were Formation of reddish-brown precipitate represents the presence of
Alkaloids . Absent
added alkaloids
Flavonoids | Ferric chloride test: For the aqueous extract, few drops of FeCl, (1%) was added | Appearance of blackish red color reveals the presence of flavonoids Present
. Keller-Kiliani test: To the 2 mL of extract, glacial acetic acid was added along The appearance of reddlsh-brpwn color at the junction of two liquid
Glycosides . layers and bluish green color in the upper layer confirms the presence of | Absent
with one drop ofFeCl, (5%) and conc. H,SO, N
3 274 glycosides
Phenols FeCl, test: 5% of FeCl, was added to the extract The presence of blue-black color confirms the presence of phenols Present
. Frothing test: The extract was diluted using distilled water (20 mL) and was . .
Saponins > . . . Formation of foam around one cm confirms the presence of saponin Present
shaken in a measuring cylinder for 15 min and was allowed to rest
Tannins Gelatin test: Liquid gelatin was added to the extract Appearance of white precipitate reveals the presence of tannins Present
Terpenoids | Salkowski tests: 2 mL of conc. H,SO, chloroform was added to the extract ;l;l:;:sg}e;srance of reddish-brown color confirms the presence of Present
Phytosterols | Salkowski tests:2 mL of chloroform and conc. H,SO, was added to the extract .Red COIOF format}(m‘ for chloroform and the gr?enlSh yellow fluorescence Present
27 in the acid layer indicates the presence of steroids

Table 1. Qualitative phytochemical analysis of aqueous extract.

of ethanol, and from this, serial dilutions were made to obtain concentrations of 20, 40, 60, 80, and 100 pg/mL.
Similarly, 10 mg of the plant extract was dissolved in 10 mL of distilled water for sample preparation. For the assay,
1 mL of 0.1 M boric acid and oxalic acid was added to both the plant extract sample and the quercetin standard
solutions. A blank was prepared using ethanol and the acids without the sample. The mixtures were incubated at
room temperature for 15 min, and the absorbance was recorded at 410 nm using a UV-Vis spectrophotometer.
A calibration curve was generated using the absorbance values of quercetin at different concentrations, which
was subsequently used to determine the flavonoid content in the plant extract®®.

Estimation of total phenolic content

The total phenolic content (TPC) of the leaf extract was determined using the Folin-Ciocalteu (FC) colorimetric
method. For the extraction, 10 mg of plant powder was dissolved in 10 mL of distilled water and stirred for
1 h to ensure proper dissolution. Gallic acid was used as a standard for TPC quantification. A stock solution
was prepared by dissolving 10 mg of gallic acid in 10 mL of ethanol, and from this, serial dilutions were made
to obtain concentrations of 20, 40, 60, 80, and 100 pg/mL. For the assay, 2.5 mL of 10% (v/v) Folin-Ciocalteu
reagent was added to the test tube and mixed thoroughly for 5 min. Following this, 0.5 mL of 0.5 M potassium
iodide and 2 mL of 7.5% (w/v) sodium carbonate were added. The blank solution consisted of the same reagents
without the sample. To determine the TPC of the extract, 0.5 mL of the sample was added to the reaction
mixture, followed by 2.5 mL of 10% Folin-Ciocalteu reagent, mixed for 5 min, and then supplemented with
0.5 mL of 0.5 M potassium iodide and 2 mL of 7.5% sodium carbonate. The mixture was vortexed, incubated at
room temperature for 30 min, and the absorbance was measured at 760 nm using a UV-Vis spectrophotometer
(JASCO UV-VIS- NIR V-670). The experiment was conducted in triplicates, and a calibration curve was

generated using the absorbance values of the gallic acid standards to determine the TPC of the extract*.

Eco-Friendly preparation of MA-CDs via microwave method
The MA-CDs were synthesized using a microwave-assisted method*!, with M. annua leaf extract as the precursor.
A volume of 30 mL of the extract was subjected to microwave irradiation (800 W, IFB 20PM-MEC2) in a domestic
microwave oven for 5 min, ensuring complete carbonization. Upon cooling down to room temperature, 10 mL
of distilled water was added to the resulting MA-CDs, and the mixture was centrifuged at 10,000 rpm for 10 min.
The supernatant was carefully collected and filtered through a 0.22 pum syringe filter to remove any residual
impurities. The purified MA-CDs were subsequently stored at 4 °C and lyophilized as needed for further use.

Physicochemical characterization of MA-CDs
Green-synthesized MA-CDs were characterized using a variety of analytical techniques. The optical properties of
the MA-CDs were analyzed using UV-Visible spectroscopy with aJASCO UV-VIS NIR V-670 spectrophotometer
(Hachioji, Tokyo, Japan). The measurements were conducted across a wavelength range of 200-800 nm, with a
resolution of 1 nm*2. Fourier Transform Infrared Spectroscopy (FT-IR) was conducted to identify the surface
functional groups of the MA-CDs. The analysis was performed using a Nicolet iN10 instrument (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) over a spectral range of 400 to 4000 cm~ 3, The particle size and
surface morphology were analyzed via high-resolution transmission electron microscopy (HR-TEM) using a
Jeol/JEM 2100 microscope (Tokyo, Japan). The zeta potential of the MA-CDs was measured using a Horiba
SZ-100 instrument via dynamic light scattering (DLS) technology**. XRD analysis was carried out analyze the
physical parameters of green synthesized MA-CDs. The analysis was performed with the scan range of 20 =10-
80°, 30 mA, with a scan speed of 40 kV of 10°min " using Cu K-a as radiation source. Rigaku SmartLab SE X-ray
Diffractometer, Rigaku Corporation in Tokyo, Japan. To examine the composition of MA-CDs, EDX analysis
was performed using Thermo scientific, Noran (USA).
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Biological assays using Drosophila

Fly stock

The Drosophila melanogaster paralytic mutants (para®') involved in this study were obtained from the
Department of Fly facility, National Centre for Biological Sciences (NCBS) in Bangalore, India. The mutant
strains were cultured in our laboratory on standard wheat cream agar media containing yeast granules, with
constant temperature of 22 + 1 °C and relative humidity of 70-80%%°.

Drug standardization

For the standardization of CBZ drug, Mohammad’s modified protocol was utilized *°. To find out the lethal
concentration (LC, ) of the drug the adult flies were exposed to different drug doses in the standard wheat cream
agar media. Further, the dosage was finalized for 5 and 10 pug/mL, of media respectively. Similarly, the MA-CDs
concentrations were standardized and the concentration was finalized to 5 and 10 pug/mL of media, respectively.

Treatment of drug CBZ and MA-CDs to the flies

The mutants were exposed 2 different concentrations of CBZ and MA-CDs such as 5 and 10 ug/mL, respectively.
The 2 varied concentration drug and MA-CDs were added to the partially cooled media which reflects the final
dosage concentration of fly food and was supplemented to the unmated male and virgin female flies, to study
their effects.

Induction of seizure by vortex assay

A modified protocol of Moghimi & Harini, was used for the seizure induction in the control flies and the flies
which were treated with different doses of CBZ and MA-CDs, via the vortex assay47. To perform the seizure
induction via vortex assay, seven days old flies raised on standard and treated food were utilized. Group of ten
flies were taken and anaesthetized using chloroform and after the recovery they were vortexed at a maximum
speed for 60 s. Further, the flies were observed until they regained their posture and mobility.

Heat shock assay

A modified protocol of Mituzaite et al. was employed to optimize the assay conditions for this study’. To measure
the seizure threshold and duration of recovery seven days old flies raised on standard and treated food, were kept
in water bath at a constant temperature of 45 °C for 60 s. During this time, the flies were visually inspected every
10 s to monitor seizure activity. Seizures were identified by a loss of posture and random wing buzzing. After
60 s, the vials were removed from the water bath, and the duration of seizure activity was recorded during the
recovery period, noting the time it took for the flies to regain normal posture and mobility (Scheme 1).

Climbing assay

The climbing assay was conducted following a method similar to the one described by Linderman et al.*%. The
locomotory activity of seven days old flies reared on standard and treated food was assessed by monitoring their
vertical climbing using measuring cylinder. A group of thirty flies per condition was acclimated, gently tapped
to the bottom of the glass cylinder, and then allowed to climb. The time taken by the flies to pass the 15 cm mark
was recorded. Three replicates of thirty flies were tested for each condition.

Visual learning and memory assay

For the better understanding of neurological mechanisms underlying epilepsy and related cognitive impairments,
visual learning and memory assays were conducted in mutant flies, following a modified method used earlier®.
In this assay, control and treated flies were used for comparison. Two visual cues, blue and red light, were
designated as visual cue A and cue B, respectively. An appetitive stimulus, represented by horizontal stripes, was
also employed. Initially, the control and treated flies were exposed to the appetitive stimulus alongside cue A,
and the same procedure was repeated for cue B, with each exposure lasting 1 min and conducted in triplicates.
Subsequently, the flies were simultaneously exposed to both cue A and cue B to evaluate their memory of the
visual cues. The preference index was calculated based on the movement of flies towards the respective visual
cue using the following formula.

. Number of flies in cue A — Number of flies in cue B
Preference index =

Total number of flies

Food intake assay

To evaluate the feeding behaviors of mutants the food intake assay was carried out using the modified protocol
of Wong et al.%. Initially the seven days old flies were starvated for 30 min and later they were fed with the
food prepared by mixing the orange-red dye. After, one hour of feeding the flies was homogenized using the
phosphate buffer in homogenizer. Further, the homogenate was centrifuged for 13,000 rpm for 5 min to remove
the cell debris and the homogenate was quantified spectrophotometrically by measuring absorbance at 508 nm.

Gut quantification

Gut quantification was carried out using the third instar larvae. The larvae were kept for starvation for half an
hour and after the starvation the larvae were transferred to the media containing 0.5% of bromophenol blue salt
and the different concentration of our drug and the MA-CDs, for 2 h. After, that the feeding was stopped and the
larvae were taken out from the media and were homogenized using phosphate saline buffer and the absorbance
was taken at 594 nm (Dare et al., 2021).
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Scheme 1. Seizure induction methods in para®! mutants (A) Represents the induction of seizures using
vortex assay. The flies were vortexed for 10 s at maximum speed and the time required to recover was
calculated. (B) Represents the induction of seizures using heat shock assay. The flies were kept in water bath at
45 °C for 60 s at maximum speed and the time required to recover was calculated.

Cytotoxicity assay

Cytotoxicity of green synthesized MA-CDs were studied by detecting the amount of DNA damage happened
in the human blood samples, with slight modifications”. Different concentrations (2.5, 5, 10 and 15 ug mL™)
of green synthesized MA-CDs were treated for the human blood cells for 24 h, in a CO, incubator at 37 °C. To
examine the toxic effects of MA-CDs DNA was isolated from human blood cells was extracted using phenol-
chloroform method for both treated and the control samples, using 50 base pair DNA marker. Ethical clearance
was obtained by Karnatak Institute for DNA Research (KIDNAR) under IEC Reference number KCTRI/EC-
01-A/2024. Written consent was obtained from all individual participants included in the study. All procedures
performed in studies involving human participants were in accordance with the Helsinki declaration as revised
in 2013 and its later amendments.

Statistical analysis

Data was analyzed using one way ANOVA for food intake and negative geotaxis assay and Two-way ANOVA
was used for the vortex and heat shock assay using post hoc Tukey Test in Graph Pad Prism 8 with a significance
level of p<0.05. The biological assays were performed in triplicates and the results with error bars in graph are
expressed with mean +SD.
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Results and discussion

Phytochemical analysis

Preliminary confirmation test

The aqueous leaf extract of M. annua primarily contains the phytochemicals such as flavonoids, terpenoids,
phenols, tannins and saponin, respectively (Table 1). The aqueous leaf extract of M. annua contains
phytochemicals similar to those isolated using different solvents such as methanol, ethanol and acetone®2.

Total flavonoid estimation

Total flavonoid content present in the leaf extract was determined by using quercetin as a standard (Fig. 1). The
total flavonoid content was calculated by using regression equation and expressed in terms of mg quercetin
equivalents (QE) per gram of sample in dry weight (mg/g). The total amount of flavonoid present in the aqueous
leaf extract was found to be 79.20 mg QE/g of extract.

Total phenolic content estimation
Total phenolic content was measured using the FC method using tannic acid as the standard (Fig. 2). Calibration
curve was plotted by using the absorbance obtained from different concentrations of standard. The total phenolic
content in the sample was calculated using the regression equation and expressed in terms of mg tannic acid
equivalents (TAE) per gram of sample in dry weight (mg/g). The total phenolic content in the aqueous leaf
extract was 65.78 mg tannic acid/g of extract.

The TFC and TPC values of M. annua leaf aqueous extract are comparable to other plant extracts, such as
Lagerstroemia speciosa (269 mg TAE/g TPC and 214.32 mg QE/g TFC)* and Achyranthes aspera (68.84 mg
GAE/g TPC and 80 mg QE/g TFC), and Achyranthes aspera having 68.84 mg GAE/g and 80 QE/g respectively™.

Synthesis of MA-CDs

In this study, the aqueous extract of M. annua leaves served as the sole carbon source without the addition
of chemicals or passivation agents, ensuring a greener approach. Key phytochemicals, including chlorogenic
acid, p-hydroxybenzoic acid, and sinapic acid, act as primary carbon sources in the formation of MA-CDs™.
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Fig. 1. Calibration curve of the standard tannic acid.
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Fig. 2. Calibration curve of the standard quercetin.

Fatty acids like palmitic and stearic acids contribute additional carbon, influencing size, shape, and stabilitySS.
Polymerization, aggregation, carbonization, and passivation were facilitated entirely by the natural components
in the leaf extract®. Microwave heating enabled rapid and uniform energy distribution, converting biomolecules
into MA-CDs (Scheme 2). During synthesis, carbonization formed nanostructures with unique optical and
electronic properties®”. Furthermore, functional groups like hydroxyl, carboxyl, and amine groups enhanced the
water solubility, biocompatibility, and surface reactivity of MA-CDs*’.

Optical properties

UV-Visible spectroscopy was used to check the optical properties of MA-CDs which revealed the absorbance
peak at 326 nm, which aligns to the transition n-m* associated with carboxyl groups with C=0, and another
peak at 264 nm corresponding to m —-n* of C=C on the surface of the MA-CDs. This distinctive peak signifies
the functional groups that influence the optical properties of the prepared MA-CDs (Fig. 3). The findings were
similar to CDs synthesized from Centella asiatica (213 nm and 322 nm)*!.

Microscopic, Spectroscopic and Surface characterization of MA-CDs

HR-TEM was utilized to visualize the morphological characteristics and size of the MA-CDs. The TEM images
revealed that the particles are spherical (Fig. 4a and b), with an average diameter of 3.16+0.15 nm (Fig. 4c)
which is crucial for ensuring consistent optical and electronic properties across the MA-CDs. This is similar to
CDs synthesized from Azadirachta indica via one-pot sand bath method (~ 3.5 nm)®.

FT-IR analysis is commonly used to identify the functional groups present on the surface of MA-CDs.
The FT-IR spectrum of MA-CDs reveals several key absorption peaks. The peak at 3265 cm™ aligns to the
O-H stretching vibration, while the peak at 1589 cm™ is associated with C=C stretching vibrations. Peaks
at 1531 cm™! and 1485 cm™! represent C-H asymmetric stretching, while peaks at 1325 cm™! and 1016 cm™
correspond to C-O stretching vibrations, respectively (Fig. 5). Hence, there is high possibility of presence of
phenolic, hydroxyl, carboxyl and carbonyl groups. This is consistent with CDs synthesized from Citrus limetta
fruit extract *%.
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Scheme 2. Schematic illustration of the possible mechanism involved in the synthesis of MA-CDs using M.
annua as a carbon source.

The zeta potential provides insight into the stability and surface charge of colloidal MA-CDs. Analysis of
the synthesized MA-CDs showed a net negative charge of —~1.6 mV (Fig. 6). Generally, particles with higher
positive or negative surface charges exhibit stronger electrostatic repulsion, which enhances colloidal stability>’.
Hence, the low zeta potential of MA-CDs might induce agglomeration of particles over time. However, CDs
with similar zeta potential (-2.1 mV) were found to possess multiple biomedical properties®. The stability of
MA-CDs may be increased through surface functionalization with amine or carboxyl groups after synthesis or
by using stabilizing additives during their formation®.

The XRD pattern (Fig. 7) depicts that the MA-CDs were polycrystalline in nature. The pattern shows a different
diffraction peak at 20 =28.62°, 40.08°, 50.04°, 58.86° and 66.60° in which the first three planes corresponds to the
sp? graphitic carbon and the other two corresponds to the sp® diamond carbon structure 2°. Bragg’s equation was
used to calculate the d- spacing values. The d-spacing values of MA-CDs at 260 =28.62°, 40.08°, 50.04°, 58.86° and
66.60° were found to be 3.11, 2.20, 1.80, 1.56, 1.40 A, respectively. The calculated d-spacing values corresponds to
the (002), (100), (102), (103) and (220) lattice planes representing the polycrystalline structure of MA-CDs. The
results obtained in our study corresponds with the previous investigations, in which the CDs were synthesized
using Calotropis gigantean®'.

EDX analysis confirmed the presence of carbon and oxygen at 25.33 and 48.72% of weight percentage. Traces
such as N, Na, Mg, P, Cl and K were also present which may have arisen which may be from the phytochemicals
or impurities (Fig. 8). Similarly, the previous investigations have shown that the elements such as C and O were
present at 50.08% and 28.89% along with traces such as N, Na, and Al%2,

Biological assays using Drosophila as a model
Induction of seizure via vortex assay and heat shock assay
Induction of seizures in para®! mutants can be effectively achieved through vortex assay and heat shock assay,
which are commonly used to study seizure mechanisms and related neurological disorders. The adult vortex
assay conducted on the para®s! mutants revealed significant findings. The control group displayed a convulsion
time of 95 s, a paralysis time of 99 s, and a recovery time of 97 s. Treatment with CBZ at 5 pg/mL notably reduced
convulsion and paralysis times to 75 and 18 s, respectively, though the recovery time slightly increased to 85 s.
At a higher dose of 10 ug/mL, CBZ further reduced convulsion and paralysis times to 63 and 16 s, respectively,
while the recovery time decreased to 81 s.

In comparison, treatment with MA-CDs at 5 ug/mL reduced convulsion and paralysis times to 58 and 23
s, respectively, with a recovery time of 58 s. At 10 pg/mL, MA-CDs further decreased convulsion and paralysis
times to 45 and 23 s, respectively, and shortened recovery time to 41 s.

These results, illustrated in Fig. 9, demonstrate that both CBZ and MA-CDs significantly influence the
convulsion, paralysis, and recovery dynamics in para®! mutants after induced seizures. The dose-dependent
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Fig. 3. UV-Visible spectroscopic studies on the optical characteristics of MA-CDs.
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Fig. 4. HR-TEM image showing the morphology of MA-CDs synthesized from the leaf extract of M. annua (a,
b), (c) The histogram illustrates the particle size distribution of MA-CDs.
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Fig. 6. Zeta potential image of MA-CDs derived from the leaf extract of M. annua.
effects highlight the therapeutic potential of CBZ and MA-CDs, while their varying efficacies underscore the
complexity of their interactions at different concentrations.

The control flies subjected to the heat shock assay exhibited a convulsion time of 52 s, and a paralysis and
recovery time of 63 and 87 s. Treatment with 5 and 10 ug/mL of CBZ and MA-CDs reduced the convulsion
times to 45, 40, 36, and 24 s, respectively. Similarly, paralysis time decreased with increasing concentrations of
both CBZ and MA-CDs compared to the control, with observed times of 63, 48, 46, 40, and 39 s. Furthermore,
the recovery time following convulsion and paralysis also showed a dose-dependent reduction in treated
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Fig. 7. XRD spectrum of MA-CDs synthesized using the leaf extract of M.annua.

groups relative to the control. The mean recovery times were recorded as 87, 47, 42, 35, and 25 s, respectively.
These results demonstrate that both CBZ and MA-CDs effectively reduce seizure severity and recovery time in
a concentration-dependent manner, as depicted in Fig. 10. Previous studies have demonstrated that para®*1
mutant flies treated with varying concentrations of sodium valproate and Imperata cylindrica extract exhibited
significant, dose-dependent protection against chronic seizures®. Similarly, investigations on easily shocked
(eas2) mutant flies have assessed the efficacy of multiple anticonvulsant drugs, including carbamazepine,
ethosuximide, vigabatrin, gabapentin, and phenytoin. Among these, phenytoin exhibited the most significant
effect in prolonging seizure recovery time. In contrast, carbamazepine, ethosuximide, and vigabatrin showed
comparatively lower efficacy, whereas gabapentin was found to reduce the mean recovery time®*.

Climbing assay
Negative geotaxis, the natural tendency of Drosophila to climb against gravity, is a useful assay for assessing
motor function and coordination®. In epilepsy models, such as para®®!, this climbing behavior is often impaired
due to seizure-induced motor dysfunction®. The climbing assay conducted on para®! mutant assessed by
measuring the time taken to traverse a distance of 15 cm (Fig. 11). In the control group, the flies took 20 s time to
reach this distance of 15 cm. CBZ at a concentration of 5 ug/mL significantly improved climbing performance,
reducing the time to mark the distance to 11 s. However, at a higher concentration of 10 pg/mL, the time to
mark decreased slightly to 10 s, indicating an enhancement in climbing ability compared to the lower dose but
still reflecting an improved performance relative to the control. Similarly, MA-CDs at 5 pug/mL also enhanced
climbing performance, achieving the shortest time to mark of 13 s. Conversely, at 10 pg/mL, MA-CDs decreased
the time to mark to 9 s, suggesting a lesser time taken in climbing ability at this higher concentration. Compared
to previous studies, in which flies treated with silver nanoparticles synthesized using Urtica diocia exhibited
improved climbing ability®’. Compared to the normal Drosophila strain, flies treated with higher concentrations
of Clobazam and Vigabatrin exhibited a reduced climbing ability relative to the control group. However, lower
doses of these drugs did not produce any noticeable effects on locomotor performance®®

Scientific Reports |

(2025) 15:21572 | https://doi.org/10.1038/541598-025-07780-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Full scale counts: 520 Base(7)
o
500
400
300

Fig. 8. EDX spectrum of MA-CDs synthesized using the leaf extract of M.annua.

Vortex assay

* % %k %k * % % 5k * % 5k 5k
150 Myssx U sk ok U sk ok %

I I_
* 3 % %k % %k % %k % %k % ¥ |

****l * % K K ****l**** 1 Control
100 - 3k %k 5k %k — | o
#d CBZ 5 pg/mL

~ == - LI

CBZ 10 pg/mL
1 CDs 5 pg/mL
CDs 10 ug/mL

7
7
-
=07
7

;
7

o

JRUMIMIMIMIIINNNNNNY

Fig. 9. Adult vortex shock assay of para®! mutants treated with different concentrations of CBZ and MA-CDs.
The bars represent the mean + SD (****p <0.0001, indicating a highly significant difference when compared
with control and at similar concentrations).
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The bars represent the mean + SD (****p <0.0001 indicating a highly significant difference when compared with
control and at similar concentrations).

Visual cue-based learning and memory testing

Para! flies show reduced visual learning abilities, as demonstrated in conditioned visual aversion assays,
likely due to excessive neural firing disrupting synaptic plasticity. Both short-term and long-term memory
retention are compromised, suggesting that seizure activity impairs the consolidation and recall of learned visual
associations®. A differential impact of CBZ and MA-CDs on cognitive functions in mutant flies was assessed
via visual cue-based learning and memory testing. In the control group, the preference index was 0.1, indicating
baseline cognitive performance. Treatment with CBZ at 5 ug/mL significantly improved memory and learning,
yielding a preference index of 0.2. However, at a higher concentration of 10 pg/mL CBZ resulted in a preference
index of 0.3, reflecting a gain of cognitive preference. In contrast, MA-CDs at 5 ug/mL produced a preference
index of 0.3. At 10 ug/mL MA-CDs yielded a preference index of 0.4 representing a significant enhancement
in memory, comparable to that of the control group. These findings suggest that CBZ and MA-CDs enhances
memory and learning abilities at both lower and higher concentrations. In the previous study by Shabir 2023 the
normal drosophila flies treated with the zinc oxide nanoparticles have shown enhanced memory when exposed
to light and dark conditions (Shabir et al. 2023).

Food intake assay

Food intake in the para®*! was assessed using a colorimetric assay with orange-red dye, measuring absorbance
at 508 nm to quantify consumption after exposure to various concentrations of CBZ and MA-CDs (Fig. 12).
The control group, showed an absorbance of 0.75 nm, indicating substantial food intake due to the red dye.
Flies treated with CBZ at 5 ug/mL displayed a significantly reduced absorbance of 0.51 nm, suggesting a marked
suppression of feeding behavior. At a higher concentration of 10 ug/mL CBZ yielded an absorbance of 0.37 nm,
indicating a dose-dependent decrease in food intake compared to the lower concentration. For the MA-CDs,
treatment at 5 pg/mlL, resulted in an absorbance of 0.64 nm, reflecting a bit reduction in food intake compared
to the control, but this effect was less pronounced than that observed with CBZ. At 10 ug/mL, MA-CDs showed a
slight increase in food intake with an absorbance of 0.42 nm, still lower than the control and 5 pg/mL, suggesting
amild inhibitory effect on feeding at elevated doses. Overall, these results indicate that CBZ strongly inhibits food
intake in a dose-dependent manner, with higher concentrations allowing for slightly increased consumption.
Conversely, MA-CDs increased food intake, but their inhibitory effect is less severe compared to that of CBZ.
Both treatments significantly impact feeding behavior, with CBZ demonstrating a more substantial suppressive
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(***p<0.0001, *p <0.05, "p>0.05, indicating a highly significant difference when compared with control).

effect. Similarly, in case of previous studies, where the adult flies treated with silver nanoparticles have shown
impairment in the food ingestion for the higher doses of silver nanoparticles (Raj et al. 2017).

Gut quantification assay
In the gut quantification assay, a slight variation in food intake was observed between control larvae and those
treated with different concentrations of CDs and CBZ. The control group exhibited an absorbance of 0.95 nm
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Fig. 12. Food intake assay of para®*! mutants treated with CBZ and MA-CDs. The bars represent the
mean +SD (***p<0.0001, indicating a highly significant difference when compared at similar concentrations).

(Fig. 13), which was comparable to that of larvae treated with 5 pg/mL of CDs. However, a reduction in food
intake was noted in larvae exposed to 10 pg/mL of CDs. Similarly, the larvae treated with different concentrations
of CBZ such as 5 pg/mL and 10 ug/mL treatment groups has recorded absorbance at 0.73 nm and 0.80 nm,
respectively. Furthermore, larvae treated with higher concentrations of CDs demonstrated a more pronounced
decrease in food intake compared to those exposed to lower concentrations of CDs and CBZ, indicating a dose-
dependent effect on feeding behavior. Similarly, the previous investigations suggests that the flies treated with
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different concentrations of phenytoin and A. senegalensis leaf and bark stem extracts did not show any significant
difference in the amount of food ingested>!.

Cytotoxicity assay
The fragmentation in the DNA can happen because of the apoptosis or the toxic agents’’. The cytotoxicity assay
was performed to evaluate the toxicity of the green synthesized MA-CDs on the human blood cells. The dose
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dependent study of treatment of MA-CDs to the human blood cells have not shown any toxicity, which was
indicated by the presence of intact bands in both treated and untreated cells (Fig. 14). The higher concentrations
of the MA-CDs such as 15 pg/mL did not show any smear formation, indicating that the green synthesized MA-
CDs did not exhibit any toxicity to the human blood cells. In contrast, the previous investigations suggests that
the 30 ug/mL of CDs treated to the MCF-7 cells has caused the slight damage to DNA”".

The present study highlights the use of the para*! epileptic mutants, which exhibit abnormal brain phenotypes
resulting from a mutation in the para gene of VGSC, located in neuronal cells’2. The abnormal phenotype in
the brain causes the mutation in the para gene. The neuro-pathological findings in this study align with prior
research demonstrating bang-sensitive behavior and convulsions in Drosophila melanogaster seizure models
with the para®! mutation, which over expresses the para gene. This mutation results in a reduced seizure-
stimulation threshold, attributed to the increased expression of VGSCs in neuronal cells of the mutants, leading
to heightened neural excitability and susceptibility to convulsive behavior!®. Seizure behaviors in Drosophila
originate in the brain’s epileptogenic zone and spread to secondary regions, such as motor centers and cognitive
areas like the mushroom bodies”. This spread disrupts motor function and impairs the recognition and recall,
ultimately causing cognitive deficits’*.

Both treatments CBZ and MA-CDs exhibited dose-dependent reductions in convulsion and paralysis times
while promoting faster recovery compared to controls. MA-CDs showed comparable or superior efficacy in
reducing convulsion times and enhancing recovery at higher concentrations. The climbing assay further
confirmed improved motor performance with both treatments, with CBZ and MA-CDs enhancing climbing
ability at increasing doses. Visual cue-based learning and memory testing indicated cognitive improvements in
treated flies, with MA-CDs displaying a greater enhancement in memory at higher doses. In the food intake assay,
CBZ significantly suppressed feeding behavior, while MA-CDs exhibited a milder effect. The gut quantification
assay also reflected dose-dependent reductions in food intake with both treatments. These findings suggest that
MA-CDs possess promising therapeutic potential for seizure management with minimal cytotoxic effects. CBZ
is an anticonvulsant which modulates neurotransmitter release and may reduce appetite by affecting the central
nervous system’>, while MA-CDs might alter feeding behavior through their impact on cellular metabolism or

Fig. 14. DNA fragmentation assay carried out using different concentrations of CDs to check the cytotoxicity.
M, +, and—denotes ladder (100 bp), positive control and negative control respectively, while 2.5, 5, 10 and 15
refers to those treated with 2.5, 5, 10 and 15 pg/mL MA-CDs respectively.
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Scheme 3. Mechanism of action of CBZ.

stress responses. Both drugs likely suppress feeding due to their sedative or metabolic effects. The mechanism
of action of CBZ is shown in the Scheme 3. Primarily CBZ binds to the inactivated VGSC, which in turn results
the slows down of neuronal activity. Along with that, it also reduces the flow of Ca*? and Na* across the neural
membrane. CBZ acts as a antagonist for GABA and allows the entry of Cl- ions’®.

Conclusion

The study successfully demonstrated the eco-friendly synthesis of MA-CDs using aqueous extract, revealing
significant insights into their structural and functional properties. The MA-CDs showed distinct optical
characteristics, nanoscale size, and moderate stability. Their administration in the para®!, along with the
antiepileptic drug CBZ, provided valuable information on seizure management. While CBZ enhanced learning
and memory in the mutant flies, the MA-CDs primarily demonstrated an antioxidant effect, reducing oxidative
stress markers. This suggests that green-synthesized MA-CDs hold promise as a complementary option in
managing epilepsy, although further research is essential to optimize their efficacy and fully integrate them
into therapeutic protocols for seizure and oxidative stress reduction. The plant Martynia annua is known for
its antiepileptic properties, attributed to the phytochemicals present in its leaves. These bioactive compounds
formed the basis for utilizing the aqueous leaf extract of M. annua in the synthesis of CDs. Consequently, the
CDs synthesized from M. annua leaf extract are hypothesized to exhibit enhanced efficacy in the treatment of
epilepsy compared to other conventionally synthesized CDs, owing to the inherent therapeutic potential of the
plant’s phytoconstituents.

Data availability
All data supporting the findings of this study are available within this article. All other relevant data will be avail-
able from the corresponding author upon reasonable request.
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