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Featured Application: The lower or less toxic effects of CNSs in an in vivo genetic model such as
Drosophila melanogaster support its possible use in biological applications such as drug carriers
and others.

Abstract: Toxicological profiling of the novel carbon materials has become imperative, owing to their
wide applicability and potential health risks on exposure. In the current study, the toxicity of meso-
porous carbon nanospheres synthesized from waste onion peel was investigated using the genetic
animal model Drosophila melanogaster. The survival assays at different doses of carbon nanoparticles
suggested their non-toxic effect for exposure for 25 days. Developmental and behavioral defects
were not observed. The biochemical and metabolic parameters, such as total antioxidant capacity
(TAC), protein level, triglyceride level, and glucose, were not significantly altered. The neurological
toxicity as analyzed using acetylcholinesterase activity was also not altered significantly. Survival,
behavior, and biochemical assays suggested that oral feeding of mesoporous carbon nanoparticles
for 25 days did not elicit any significant toxicity effect in Drosophila melanogaster. Thus, mesoporous
carbon nanoparticles synthesized from waste onion peel can be used as beneficial drug carriers in
different disease models.

Keywords: carbon nanospheres; Drosophila; nanotoxicity; acetylcholine; total antioxidant capacity (TAC)

1. Introduction

Carbon, a vital element in nature, is a primary component in all life forms. The
uniqueness of the element arises due to the number and variety of ways in which it can
bond, leading to numerous carbonaceous structures with distinctive properties [1]. Along
with traditionally known amorphous and crystalline carbons, newer allotropes such as
graphene, carbon nanotubes (CNTs), fullerenes, and other various forms have contributed
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immensely to the development of application-oriented research. Nanomaterials based on
carbon are the most engrossing part of nanotechnology. However, producing the desired
form of carbon via synthetic methods is still not economically viable for many applications.
In this context, biomass carbonization has become a very attractive option for the targeted
production of carbon forms. The surface chemistry associated with these carbon materials
has attracted widespread research efforts devoted to such carbon production (activated
and non-activated) [2,3], characterizations, surface modifications, and use [4–7]. The
unique physicochemical properties of carbon nanoforms make them ideal materials for
catalysis, adsorption, hydrogen storage, electrochemical sensors [8], and energy storage
devices [9–12]. The inimitable features of carbon allotropes have also been widely exploited
in diverse biological applications, including biosensing, drug delivery, tissue engineering,
imaging, cancer therapy, and antimicrobial agents [13]. The widespread utilization of
carbon nanoforms has had a profound impact on the advancement of nanotechnology;
graphene, CNTs, and fullerenes have also elicited immunological effects [14].

Numerous in vitro studies recently have highlighted the cellular toxicity of carbon-
based materials [13]. The carbon materials were found to induce oxidative stress and
trigger the generation of reactive oxygen species (ROS) [15]. Recent studies have also shed
light on lysosomal dysfunction as an emerging factor in nanomaterial toxicity [16]. The
multi-walled carbon nanotubes (MWCNTs) were shown to induce necrosis and trigger cell
apoptosis [17]. Studies have shown that the physical properties of carbon nanomaterials
play a significant role while eliciting cytotoxic responses. One of the studies on MWCNTs
of differing length observed differing effects on macrophages. CNTs with an average
length of 825 nm elicited stronger inflammation than CNTs with an average length of
220 nm [18]. Another study that focused on the size of carbon nanomaterials concluded
that the smaller-sized MWCNTs appeared to be more toxic than larger aggregates [19].
The geometry of carbon nanomaterials was also found to have a profound impact on
cytotoxic and immunological responses. In a study involving MWCNTs, the authors found
elongated MWCNTs to be more toxic than spherical-shaped carbon nanoparticles [13].
Interestingly, functionalized carbon nanomaterials were observed to be less toxic than
nonfunctionalized counterparts. It is believed that functionalization causes disruptions and
defects in the carbon framework, which could reduce the toxicity of functionalized carbon
nanomaterials [20]. In vivo studies on various carbon nanomaterials have also shed light
on the toxicological effects of such materials. In one such study, the sixteen-hour exposure
of rod-like CNTs via pharyngeal aspiration in mice induced strong neutrophil influx into
the lungs, with enhanced cytokines and chemokines [21]. It was found that the inhalation
of SWCNTs could up-regulate numerous proteins, resulting in an inflammatory response,
playing a role in airway hyperreaction, airflow obstruction, and granuloma, in mice [22].
Such local exposure of carbon nanomaterials not only induces local adverse effects but there
is also evidence suggesting a systematic inflammatory response [23]. Similar to in vitro
studies, in vivo studies also found a direct relation between the toxicity of nanomaterials
and their physical properties (size, shape, functionalization, etc.).

Nanomaterials and carbon-based materials are today finding wide applicability due
to their unique physico-chemical features. This exposure, however, has raised concerns re-
garding the health hazards associated with their use. At the outset, during the development
of any nanomaterials or carbon nanomaterials, it is necessary to evaluate the potential toxic
effects. Hence, toxicological profiling of the synthesized novel carbon materials becomes
imperative. Drosophila melanogaster is widely used as a model organism to study the toxic
effects of different nanoparticles [24–27]. The common biological and physiological prop-
erties among mammals and Drosophila make such studies more relevant. Drosophila also
shares around 75% sequence similarity with genes causing different diseases in humans [28].
The different genetic tool kits to regulate gene expression levels in Drosophila research make
them a versatile model organism for various biological studies [29–31]. In the current study,
wild-type Drosophila melanogaster was used to evaluate the toxicity of mesoporous carbon
nanoparticles at different concentrations (10, 100, and 1000 µg/mL). The current in vivo
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studies demonstrate that mesoporous carbon nanospheres (CNSs) synthesized from waste
onion peel are non-toxic at a lower concentration. Thus, they could be a potential drug
carrier to mitigate biological defects in different animal disorders.

2. Materials and Methods
2.1. Synthesis and Characterization of Mesoporous Carbon Nanospheres

Waste onion peels were used as a precursor for synthesizing mesoporous carbon
nanospheres (CNSs) via pyrolysis at various temperatures (500 to 1000 ◦C) under an inert
atmosphere in a quartz tube furnace. The dried and powdered onion peels were sieved
using 60 µm mesh. Then, ~10 g of these were used as precursors and kept for carbonization
at 500, 600, 700, 800, 900, and 1000 ◦C. The pyrolyzed carbon residues were labeled as
CNS500, CNS600, CNS700, CNS800, CNS900, and CNS1000, each representing the temper-
ature at which they were synthesized. The morphology of the prepared CNSs was further
characterized by field emission scanning microscopy (FESEM; JEOL, JSM-7100F) coupled
with energy-dispersive X-ray spectroscopy (EDS); the degree of disorder in the carbon
lattice was understood from Raman spectroscopy (HORIBA); functional groups present
in CNSs were established by Fourier transform infrared spectroscopy (FTIR; PerkinElmer
Spectrum 100), and the porosity was determined from N2 adsorption/desorption isotherms
(BELSORP-max, Microtrac).

2.2. Feeding Experiments

Flies: The wild-type Drosophila melanogaster (Canton-S) flies were used. They were
maintained at 25 ◦C, 60–70% humidity, and a 12:12 light–dark cycle on standard fly food.

For all the experiments, the flies were fed with three different concentrations (10, 100,
and 1000 µg/mL doses) of CNS500, CNS600, CNS700, CNS800, CNS900, and CNS1000
mesoporous carbon nanoparticles. Different concentrations of CNSs were mixed with 5%
yeast solution and sonicated periodically to obtain a uniform dispersion. The mixture was
added to fresh food vials and kept at room temperature for 24 h. The next day, 50 female
and 50 male flies were transferred to the nanoparticle-treated vials. These flies were further
used for survival, behavioral, developmental, biochemical, and neurological assays. In
all the assays, the flies fed with 5% yeast without CNSs were used as a control. The flies
were transferred into new CNS-treated vials every 3–4 days to prevent flies from sticking
to old media.

2.3. Morphological Observations

Both male and female flies from the control and treatment groups were observed for
any morphological changes after feeding on nanoparticles for 25 days.

2.4. Survival Assay

A survival assay was performed to assess the effect of CNS (CNS500, CNS600, CNS700,
CNS800, CNS900, and CNS1000) exposure of flies to different doses. Briefly, 50 male and
50 female flies were maintained separately in control as well as CNS (CNS500, CNS600,
CNS700, CNS800, CNS900, and CNS1000) food vials. The mortality rate was analyzed by
counting the dead flies in each vial daily for 25 days. The flies that escaped and stuck to the
food were excluded from the count. A survival curve was plotted using GraphPad Prism 6
for analyzing the significant difference between the treatment groups.

As the survival assay did not show a significant level of mortality for different concen-
trations of CNSs (CNS500, CNS600, CNS700, CNS800, CNS900, and CNS1000), only the flies
subjected to the highest concentration were used for climbing and other biochemical assays.

2.5. Climbing Assay

First, 25-day-old control and CNS-treated flies were transferred to a 25-cm-long tube
containing a mark at 20 cm. The two ends of the tube were closed using parafilm, with
minute holes for air exchange. The flies were tapped down 2–3 times to ensure that all the
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flies were at the bottom of the tube. The flies were then allowed to climb for 20 cm, and the
number of flies that crossed the mark in 1 min was counted. This procedure was repeated
three times, and a percentage value was used for plotting the final graph.

2.6. Estimation of Acetylcholinesterase (AChE) Activity

AChE activity in adult flies (25 flies/group) exposed to CNSs (CNS500, CNS600,
CNS700, CNS800, CNS900, and CNS1000) along with food for 25 days was estimated using
Ellman’s method [32] with some modifications [26]. Briefly, 25 male and female flies were
separately homogenized in 500 µL of 0.1 M sodium phosphate buffer containing 0.15 M
KCl (pH 7.4) and centrifuged at 6000 rpm for 10 min at 4 ◦C. Then, the supernatant was
separated, and 200 µL of supernatant was added to a reaction mixture containing 650 µL of
0.1 M sodium phosphate buffer (pH 7.4), 200 µL of 10 mM 5,5′-dithiobis-2-nitrobenzoic acid,
and 20 µL of 0.075 M acetylthiocholine iodide. All the components were mixed well and
the change in absorbance per min was recorded at 412 nm to calculate the AChE activity.

2.7. Total Antioxidant Capacity (TAC)

The TAC assay was performed as per the previously described method [33]. This test is
used to gauge the inhibition of the reducing capability of Molybdenum VI to Molybdenum
V, which, under acidic pH, further reacts with phosphate and forms a green-colored
complex. The intensity of the complex was measured spectrophotometrically at 695 nm,
and TAC concerning a standard antioxidant, Vitamin C, was determined.

2.8. Triglyceride Estimation

The triglyceride levels in the flies were measured as per the protocol using a commer-
cial kit based on the glycerol 3-phosphate oxidase-peroxidase method (Tulip Diagnostics
(P) Ltd., Goa, India).

2.9. Glucose Estimation

The glucose content in the fly samples was measured as per the protocol based on
the glucose oxidase–peroxidase method using a commercial kit (Agappe Diagnostics Ltd.,
Kerala, India).

2.10. Protein Estimation

The total protein content in control and CNS-treated (CNS500, CNS600, CNS700,
CNS800, CNS900, and CNS1000) flies was estimated using Bradford reagent at 595 nm,
using bovine serum albumin (Sigma-Aldrich, India) as the reference standard [34].

3. Results
3.1. Morphology and Structure of CNSs

The carbonization temperature was found to have a marked influence on the morphol-
ogy of CNSs. As the pyrolysis temperature was increased from 500 to 1000 ◦C, a reduction
in particle size was observed (Figure 1A–F), along with the formation of well-developed,
spherical, solid carbon aggregates, which is the characteristic feature when the pyrolysis
technique is used for the synthesis of carbon particles. The longer duration of synthesis
time and controlled cooling rate could be responsible for the formation of spherical-shaped
porous carbon nanomaterials.

Elemental composition was analyzed via EDS (Figure 2A). As the temperature in-
creased from 500 to 1000 ◦C, the carbon content was enriched from ~74 to ~90% (Table 1).
The carbon matrix was also embedded with self-doped oxygen, which continued to de-
crease in atomic percentage composition from CNS500 to CNS1000 from ~20% to ~8%,
respectively. The CNSs also exhibited the presence of numerous alkali metals such as Na,
Mg, K, and Ca, which were found to be present in trace quantities.
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Figure 1. FESEM images of CNS500 (60 K×) (A), CNS600 (50 K×) (B), CNS700 (50 K×) (C), CNS800
(50 K×) (D), CNS900 (30 K×) (E), and CNS1000 (150 K×) (F).

Figure 2. EDS spectra (A), Raman spectra (B), and FTIR spectra (C) of CNS500, CNS600, CNS700,
CNS800, CNS900, and CNS1000 CNSs.
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Table 1. Elemental composition (Atomic %) of ON CNSs.

CNSs
Carbon (C) Oxygen (O) Sodium (Na) Magnesium (Mg) Sulfur (S) Potassium (K) Calcium (Ca)

Atomic Percentage (%)

CNS500 74.2 19.4 0.5 0.8 0.2 0.9 4.0
CNS600 78.9 17.6 0.7 0.5 - 0.5 1.8
CNS700 87.2 10.9 - 0.2 - 1.0 0.7
CNS800 84.6 8.8 - 0.4 - 2.0 4.2
CNS900 89.5 9.9 - - - 0.6 -
CNS1000 90.7 8.6 - - - 0.7 -

CNSs were further analyzed for their structural features using Raman spectroscopy.
The CNSs exhibited two prominent peaks (Figure 2B) at ~1338 and ~1588 cm−1 correspond-
ing to the D-band and G-band, respectively. The D-band corresponds to vibrations of
carbon atoms for in-plane terminations of disordered graphite, indicating disorder in the
carbon structure. The G-band signifies the E2g mode of graphite, which could be related to
the vibration of sp2-bonded carbon atoms in a hexagonal lattice, indicating structural order.
The relative intensities of the D-band and G-band (Id/Ig) provide an index to assess the
graphitic nature of carbon materials [7,35]. It was found that as the synthesis temperature
was increased, the Id/Ig value increased, suggesting the presence of more defective sites
in CNS1000 (Id/Ig = 1.1). This could be due to the greater fragmentation of the particles,
creating edges at high temperatures. The liberation of gases such as H2O, CO, and CO2
at elevated temperatures further creates pores in the carbon residue, which contributes to
the increased intensity of the D-band. Figure 2C shows the presence of functional groups
assessed from FTIR spectra. A broad peak at ~3441 cm−1 indicates the presence of an
intermolecularly bonded alcoholic or carboxylic acid —OH group [36]. As the synthesis
temperature was increased, the intensity of the peak decreased and disappeared for higher
CNSs, suggesting the consumption or removal of the —OH group from the biomass. C=C
stretching in carbon was detected by a peak at ~1602 cm−1, which is also similar to —OH
group decreases in intensity [37]. —C—H bending vibrations were detected by a peak at
~1448 cm−1, which became more resolved at higher temperatures. S=O stretching was also
observed at ~1386 cm−1. The presence of sulfur was also confirmed from the elemental
analysis (EDS). However, the peak disappeared after CNS600, suggesting the removal
of sulfur as oxides during pyrolysis progression towards higher temperatures. —C—O
stretching was also found at ~1115 cm−1, which was also found to disappear at higher
synthesis conditions, suggesting that it could have arisen from a secondary alcohol. Further
—C—H bending was detected at ~874 cm−1, which could be attributed to the trisubsti-
tuted aromatic system, which remained throughout the CNS series and could have been
responsible for some order in the carbon matrix [38,39].

The porosity of the CNSs was analyzed from N2 adsorption/desorption isotherms.
The specific surface area and pore volume were determined using the Brunauer–Emmett–
Teller (BET) method, while the pore width was obtained from Barrett, Joyner, and Halenda
(BJH) calculations (Figure 3). As the carbonization temperature was increased from 500
to 1000 ◦C, the BET SSA was increased from ~6.2 to ~2960 m2/g (Figure 3A). This could
be attributed to the formation of porous structures and a reduction in the size of the
particles with the increase in temperature, which provides an enhanced surface area [40].
As discussed earlier, a hierarchical porous structure within the carbon matrix is formed
due to self-activation, facilitated by the presence of alkali metals that play a primary role in
obtaining carbon residues with a large surface area [39]. Similarly, the pore volume was
also increased from 0.009 cm3 to 2.1 cm3/g (Figure 3B). However, the pore width did not
exhibit any specific order (Figure 3B). All the CNSs were found to be mesoporous (pore
diameter = 2 to 50 nm).
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Figure 3. BET specific surface area and pore volume (A), pore width and ID/IG (B), and particle sizes
of different carbon materials (C).

3.2. Toxicological Assay

To assess the chronic oral toxicity of mesoporous carbon nanoparticles synthesized
from waste onion peel, a survival assay was performed with newly hatched male (Figure 4)
and female (Figure 5) flies. The flies were fed with different doses (10, 100, and 1000 µg/mL)
of CNS500 (Figures 4A and 5A), CNS600 (Figures 4B and 5B), CNS700 (Figures 4C and 5C),
CNS800 (Figures 4D and 5D), CNS900 (Figures 4E and 5E), and CNS1000 (Figures 4F and 5F)
CNSs and observed for a period of 25 days. The male flies treated with CNS500, CNS600,
CNS700, CNS800, CNS900, and CNS1000 nanoparticles at the 10 µg/mL dose did not show
a significant difference in survival compared to control flies. However, male flies treated
with 100 µg/mL of nanoparticles showed a difference in the survival curve for CNS500
(Figure 4A) and CNS600 (Figure 4B) CNSs, respectively. Similarly, male flies treated with
1000 µg/mL of nanoparticles showed a significant difference in survival rate for CNS500
(Figure 4A), CNS600 (Figure 4B), CNS800 (Figure 4D), and CNS900 (Figure 4E) CNSs,
respectively. In female flies, only CNS500-treated flies showed a significant difference
in survival rate for 100 and 1000 µg/mL (Figure 5B) concentrations. However, at the
10 µg/mL dose, they survived as compared to the control flies. Other nanoparticles, i.e.,
CNS600 (Figure 5b), CNS700 (Figure 5C), CNS800 (Figure 5D), CNS900 (Figure 5E), and
CNS1000 (Figure 5F), showed no significant difference in survival rate at 10, 100, and
1000 µg/mL concentrations, respectively. In summary, the survival curves for the control
and CNS-treated groups did not exhibit any major difference among male and female flies
(Figures 4 and 5). Based on these findings regarding the survival rate, all other biochemical
and behavioral assays in adult males and females were performed after 25 days of exposure
to the respective nanoparticles.



Appl. Sci. 2022, 12, 1528 8 of 16

Figure 4. Survival assay curve of male flies treated with mesoporous carbon nanoparticles
(A) CNS500, (B) CNS600, (C) CNS700, (D) CNS800, (E) CNS900, and (F) CNS1000 at 10, 100, and
1000 µg/mL doses, respectively. Here, the black curve represents the survival rate of control flies.
The blue, red, and green curves represent the survival rates of male flies at 10, 100, and 1000 µg/mL
doses, respectively.

The negative geotaxis or climbing assay was performed independently for males and
females. In all CNS-treated groups (CNS500, CNS600, CNS700, CNS800, CNS900, and
CNS1000), since there was no significant difference in the survival of both male and female
flies for most of the nanoparticle concentrations tested, only the flies treated with the
highest concentration of CNSs were considered for the negative geotaxis or climbing assay.
The percentages of male flies that were able to cross the 20 cm mark in one minute (three
times/vial and three food vials per dose) in control and CNS-treated (CNS500, CNS600,
CNS700, CNS800, CNS900, and CNS1000) groups were 95, 77.8, 78.8, 77.8, 78.8, 87, and
80.6, respectively (Figure 6A). Similarly, the percentages of female flies that were able to
cross the expected mark in one minute in the control and CNS-treated (CNS500, CNS600,
CNS700, CNS800, CNS900, and CNS1000) groups were 91.7, 81, 84.6, 63, 83, 94.9, and
82, respectively (Figure 6B). Only female flies in the CNS700-treated group showed slight
difficulty in climbing. However, in all other treated groups, both male and female flies
showed no statistically significant difference compared to the control group.

The acetylcholinesterase (AChE) activity was estimated in male and female flies in
response to dietary exposure of CNS500, CNS600, CNS700, CNS800, CNS900, and CNS1000
CNSs at a 1000 µg/mL dose. The analysis revealed no significant difference between
control and treatment groups, suggesting that 25 days of dietary exposure to mesoporous
carbon nanoparticles did not elicit major neurotoxicity (Figure 7).
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Figure 5. Survival assay curve of female flies treated with mesoporous carbon nanoparticles
(A) CNS500, (B) CNS600, (C) CNS700, (D) CNS800, (E) CNS900, and (F) CNS1000 at 10, 100, and
1000 µg/mL doses, respectively. Here, the black curve represents the survival rate of control flies.
The blue, red, and green curves represent the survival rates of female flies at 10, 100, and 1000 µg/mL
doses, respectively.

Figure 6. Negative geotaxis or climbing assay in carbon-nanoparticle-treated (A) male and (B) female
flies. Both male (A) and female (B) flies were tested for their negative geotaxis behavior after 25 days
of carbon nanoparticle treatment at 1000 µg/mL dose. The values represented are mean ± SEM and
statistical significance was set at p < 0.05 when compared to control (n = 3 and 25 flies per treatment
and control group).
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Figure 7. Estimation of acetylcholine esterase (AChE) activity in response to dietary exposure to
CNS500, CNS600, CNS700, CNS800, CNS900, and CNS1000 CNSs for 25 days at 1000 µg/mL in
(A) male and (B) female flies. AChE activity was estimated using Ellman’s method and values are
represented as mean ± SEM; statistical significance was set at p < 0.05 when compared to control
(n = 3 and 25 flies per treatment group).

The continuous exposure of animals to toxic chemicals or nanoparticles is likely to
induce oxidative stress due to the increased production of reactive oxidative species (ROS)
or free radicals. The free radical scavenging or antioxidants can reverse the effect of
ROS and thus their production in the animals can be used as a measure to quantify the
level of oxidative stress [26]. The measurement of total antioxidant capacity (TAC) by the
phosphomolybdenum method [33] after 25 days of exposure to CNS500, CNS600, CNS700,
CNS800, CNS900, and CNS1000 mesoporous CNSs at a 1000 µg/mL dose did not show
statistically significant changes compared to controls, suggesting that CNSs did not elicit
any oxidative stress at the organism level (Figure 8).

The effect of mesoporous CNS ingestion on the metabolic activities in flies was studied
by estimating triglycerides, glucose, and protein levels. It was previously reported that
exposure to silver nanoparticles at higher doses affected the energy reserves in flies, such as
glycogen and protein, due to altered feeding behavior [41]. To test any metabolic changes
or influence on the energy reserves in flies, the triglyceride, glucose, and protein content in
those exposed to CNS500, CNS600, CNS700, CNS800, CNS900, and CNS1000 mesoporous
CNSs at 1000 µg/mL for 25 days was estimated. The experimental results revealed that
there was no significant change in triglyceride (Figure 9), glucose (Figure 10), or protein
(Figure 11) levels as compared to controls.
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Figure 8. Estimation of total antioxidant capacity (TAC) in response to dietary exposure to CNS500,
CNS600, CNS700, CNS800, CNS900, and CNS1000 CNSs for 25 days at 1000 µg/mL dose in (A) male
and (B) female flies. TAC was estimated using the phosphomolybdenum method and values are
represented as mean ± SEM; statistical significance was set at p < 0.05 when compared to control
(n = 3 and 25 flies per treatment group).

Figure 9. Estimation of triglycerides in response to dietary exposure to CNS500, CNS600, CNS700,
CNS800, CNS900, and CNS1000 CNSs for 25 days at 1000 µg/mL dose in (A) male and (B) female
flies. The values are represented as mean ± SEM and statistical significance was set at p < 0.05 when
compared to control (n = 3 and 25 flies per treatment group).
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Figure 10. Estimation of glucose in response to dietary exposure to CNS500, CNS600, CNS700,
CNS800, CNS900, and CNS1000 CNSs for 25 days at 1000 µg/mL dose in (A) male and (B) female
flies. The values are represented as mean ± SEM and statistical significance was set at p < 0.05 when
compared to control (n = 3 and 25 flies per treatment group).

Figure 11. Estimation of protein in response to dietary exposure to CNS500, CNS600, CNS700,
CNS800, CNS900, and CNS1000 CNSs for 25 days at 1000 µg/mL dose in (A) male and (B) female
flies. The values are represented as mean ± SEM and statistical significance was set at p < 0.05 when
compared to control (n = 3 and 25 flies per treatment group).



Appl. Sci. 2022, 12, 1528 13 of 16

4. Discussion

Synthesized CNSs have been tested for various applications, such as electrode mate-
rials for energy storage devices and electrochemical sensors [37,42], in photomechanical
actuators [43], and as materials for CO2 adsorption [44], owing to the very high surface
area and porosity. Such varied and increased use of nanoparticles leads to the exposure of
humans to nanoparticles. Therefore, it is highly necessary to investigate the toxic effects
elicited by such nanoparticles and various other nanomaterials and to determine the non-
toxic dose for practical or safe applications. There are many studies investigating the toxic
effect of carbon nanoparticles on the biological system [45–47].

In the present study, the toxicity of mesoporous CNSs synthesized from waste onion
peel was evaluated using Drosophila melanogaster as an in vivo animal model. The meso-
porous CNSs used in the current analysis have not been evaluated previously for their
toxic effects using an in vivo model system. The present study’s overall results highlight
the non-toxic nature and beneficial impacts of mesoporous carbon nanoparticles at 1, 10,
and 100 µL/mL doses.

The feeding of oral magnetite nanoparticles in Drosophila caused developmental
changes, with a delay in egg to pupae and pupae to adult transformations [48]. Therefore,
to assess the effect of mesoporous CNSs on the development of Drosophila, all the develop-
mental stages were carefully analyzed. The larvae from the control and the treated groups
at different concentrations reached different developmental stages such as larva, pupa, and
adult on the same day. Thus, the oral administration of mesoporous carbon nanoparticles
does not elicit any developmental delay in Drosophila.

The negative geotaxis or climbing assay was performed to assess the physiological
impact of carbon nanoparticles on the motor system. Normally, flies tend to climb up-
wards when they are offered freedom to move vertically, and this can also be used to
assess the neurodegeneration phenotype [26,49,50]. In the current analysis, the absence of
significant changes in the climbing activity in CNS-nanoparticle-treated flies compared to
control flies suggests that the oral administration of CNSs for 25 days did not cause any
physiological/motor or neurodegenerative defects.

Neurotoxicity refers to the structural and functional changes in the neurons and glial
cells in the central and peripheral nervous systems. The AChE assay is used to evaluate
the activity of AChE, an enzyme that hydrolyzes acetylcholine to choline and acetic acid,
and this analysis has been previously used to assess the neurotoxic potential of NPs in
Drosophila [51,52]. The current results of the AChE analysis upon oral exposure to CNSs
for 25 days did not reveal any significant changes in the activity of the enzyme. This
suggests the absence of neurotoxicity upon dietary administration of CNSs at different
concentrations. The effect of CNS ingestion on the metabolic activities in Drosophila was
studied. It was previously reported that the ingestion of silver NPs at higher concentrations
affected the energy reserves in flies, such as glycogen and protein. It also altered the
feeding behavior in flies [41]. To test whether oral ingestion of CNSs for 25 days affected
the energy reserves and feeding behavior in flies, the glucose, protein, and triglyceride
content were estimated. There was no significant change in the glucose, protein, and
triglyceride levels in flies. The results suggest that CNSs can be used to obtain beneficial
effects in animals. The non-toxic nature of the synthesized mesoporous carbon nanoma-
terials in low concentrations could be due to their highly porous nature. Earlier research
on functionalized CNTs has indicated a reduction in the toxicity of nanomaterials upon
functionalization. This has been attributed to the formation of more defects within the
system during the preparation of functionalized CNTs [20]. Raman spectroscopy results of
the CNSs in the present research also show an increased ID/IG ratio with an increase in
carbonization temperature, suggesting the development of defects throughout the carbon
residue (CNSs). This could be one of the reasons for the low toxicity of CNSs. It has
been reported earlier that water-soluble functionalized CNTs are less toxic compared to
insoluble CNTs [53]. From the FTIR spectra, it is evident that the CNSs have —COOH
groups mimicking acid-functionalized carbon nanomaterials. Recent studies have also
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highlighted that the presence of metal impurities in CNTs induces enhanced toxicity com-
pared to metal-free CNTs [13]. EDS spectra of CNSs show very low concentrations of metal
impurities. The obtained characterization results for CNSs corroborate well with the results
obtained from in vivo toxicological assays. The present research successfully highlights a
method to synthesize low-cost, low-toxicity, porous carbon nanomaterials that can be used
in wide applications.

5. Conclusions

Mesoporous CNSs were synthesized from waste onion peels using the pyrolysis tech-
nique at various temperatures (500–1000 ◦C). As-synthesized materials were characterized
and were found to exhibit a very high specific surface area (SSA) of 2960 m2/g. The toxicity
of CNSs was evaluated using Drosophila melanogaster as an in vivo animal model. The
survival assay was carried out with freshly hatched male and female flies fed with different
doses of CNSs synthesized at different carbonization temperatures. The survival curves for
control and CNS-treated groups did not show any significant variation in both male and
female flies. The negative geotaxis was performed independently for males, and female
flies indicated no physiological neurodegenerative defects when compared with control
groups. The CNSs did not elicit significant neurotoxicity, which was confirmed by the
estimation of acetylcholine esterase. The experimental results did not exhibit a significant
change in triglyceride, glucose, and protein levels compared to controls over 25 days in
both male and female flies, suggesting that CNSs did not significantly affect metabolic
activities. The lower or less toxic effects of CNSs in an in vivo genetic model such as
Drosophila melanogaster support their possible use in biological applications such as drug
carriers and others.
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