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ARTICLE INFO ABSTRACT

Keywords: Carbon based materials has garnered significant attention because of their potential biomedical applications
Carbon nanostructures and environmental implications. In this present study, we synthesized carbon nanostructures (CNs) using corn
Cytotoxicity oil as a precursor through a flame synthesis approach and investigates the cytotoxic impact of CNs on Tohoku
?g‘glf 2;1118 Hospital Pediatrics-1 (THP-1) macrophages. The synthesized CNs elemental composition, functional groups,

morphology, and crystalline characteristics were studied by adopting different techniques, including X-ray
photoelectron spectroscopy, Fourier transform infrared spectroscopy (FTIR), transmission electron microscopy
(TEM), and X-ray diffractometry (XRD). The TEM images confirms 70 — 100 nm with spherical CNs were
synthesized from corn oil. The XPS spectrum of corn oil-derived carbon nanostructures (CCNs) exhibits
distinct atomic peaks of Cls and Ols at 284.2 and 532.8 eV. The CCNs surface were decorated with palmitic
acid (PA) and impact on cell viability and morphology was investigated through 3-(4,5-dimethylthiazol-2-
yD-2,5-diphenyltetrazolium bromide (MTT) assay and acridine orange/ethidium bromide (AO/EB) staining
in THP-1 derived macrophages. The CCNs/PA were do not promote cell death and morphological features
in macrophages. Our in vitro cytotoxicity assessment revealed that CCNs/PA displayed good compatibility.
Overall, our study contributes crucial insights into the biological impact of CCNs/PA and underscores the need
for careful assessment of their biomedical applications.

1. Introduction

Carbon-based nanostructures have received significant interest in
recent years due to their extraordinary electrical, catalytic, and optical
features (Gusain et al., 2020; Riley and Narayan, 2021). Recently, several
studies have reported the preparation of carbon-based nanostructures
such as carbon nanofibers, carbon nanotubes, graphene oxide, reduced
graphene oxide, graphene, carbon quantum dots, graphitic carbon
nitride, fullerenes, carbon nano-onions, and carbon nanosheets (Gusain
et al., 2020; Clancy et al, 2018). Carbon-based nanostructures have
been exploited in various applications such as bio-sensors, bio-imaging,
supercapacitors, solar cells, fuel cells, cancer therapy, adsorbents,
catalysts, photovoltaic cells, and drug delivery (Bagheri et al, 2022;
Georgakilas et al., 2015; Feng et al., 2024; Kaare et al., 2024; Yang et al.,
2023; Malode et al., 2024). Carbon-based materials generally contain
hybridized sp2 carbon, except nanodiamonds, possessing hybridized
sp3 carbon. However, carbon-based nanostructures exhibit fascinating
physical and chemical characteristics. Due to their complex synthesis
processes, they are limited to small-scale usages and laboratories
(Mulay et al., 2019; Singh et al., 2025). As a result of partial pyrolysis/
combustion, soot carbon is derived from organic substances. As a result
of combustion, soot carbon is defined as waste. Earlier studies have
exploited various methods to synthesize carbon nanostructures, such as

sonication, hydrothermal, microwave, carbonization, chemical vapor
deposition, and chemical oxidation approaches (Athinarayanan et al.,
2020b; Zhu et al., 2009; Alsaffar et al., 2023; Arroyo-Arroyo et al., 2024;
Shen et al., 2013). These techniques have some draw-backs, including
hazardous chemical usage, high costs, and poor yield. Currently, carbon
nanostructures (CNs) are synthesized from different sustainable, cost-
effective, renewable, and environmentally friendly substances. Edible
oils with high carbon atom contents are ideal materials for synthesizing
CNs. For example, various seed oils, including pumpkin, fenugreek,
poppy, watermelon, and funnel oil, have been exploited to produce
CNs (Nadeem et al, 2024). In fact, turning carbon soot into CNs is a
sustainable approach to reducing the harmful impacts of soot particles.
CNs are zero-dimensional materials with a 1 - 100 nm range, and they
have a wide range of potential applications in various fields due to their
unique properties, including electrical, optical, thermal, mechanical,
and biological features (Nadeem et al, 2024; Ramar and Balraj, 2022;
Saini et al., 2021).

The monocytes and macrophages are vital components of the innate
immune re-sponse, including antigen presentation, phagocytosis, and
pro- and anti-inflammatory cytokine secretion (Germic et al, 2019).
During inflammatory conditions, macrophages arise from monocytes
(Yan and Hansson, 2007). Consequently, macrophages can respond
to various external stimuli, including microbe- or damage-associated
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molecular patterns, which affect macrophage activation state and
morphology (Shapouri-Moghaddam et al., 2018). The THP-1 cell line
originated from human leukemia and has been extensively used to
examine the immune response potential of monocytes and monocyte-
derived macrophages, owing to the resemblance of their activity to
human peripheral blood mononuclear cells (Qin, 2012). In THP-1
macrophages, carboxylated and hydroxylated MWCNTs triggered
interleukin-8 secretion and lipid accumulation (Long et al, 2019).
Kinaret et al. study suggested that carbon-based materials induced time-
and dose-dependent induction of IL-1B, tumor necrosis factor, IL-10,
and CSF1 gene expression in THP-1-derived macrophages (Kinaret et
al.,, 2020). Interestingly, carbon black nanoparticles triggered reactive
oxygen species (ROS) levels and enhanced the lipid accumulation in
THP-1-derived macrophages (Cao et al, 2014). Macrophages and
lymphocytes play a crucial role in immune defense, and any adverse
effects on these cells could lead to immune dysfunction. According
to previous studies, carbon-based materials promote immunotoxicity.
Palmitic acid (PA) is a widely distributed saturated fatty acid in blood
plasma. It is prevalent in palm oil, cocoa butter, olive oil, meat, and
dairy products. According to data, the average intake of PA is between
20 and 30 grams/day (Carta et al, 2017). Earlier studies reported
that PA modulates the differentiation of M1 macrophages (Korbecki
and Bajdak-Rusinek, 2019). According to the Erbay et al, (2009)
study, PA exposure stimulates macrophage inflammatory activity by
upregulating fatty acid-binding protein 4. Also, Rosa Neto et al., (2021)
study demonstrated that PA can provoke macrophages by activating the
Toll-like receptor 4. The surface charge and hydrophobicity of corn oil-
derived carbon nanostructures (CCNs) may be altered by PA, potentially
impacting their interaction with macrophages and other immune cells.
Nevertheless, the impact of PA -associated CNs on THP-1-derived
macrophages is un-clear. Therefore, understanding the interaction of
CCNs/PA with immune cells is essential for assessing their safety in
biomedical applications. In this study aims to assess the cytotoxicity of
PA -linked CNs in THP-1-derived macrophages.

2. Materials and Methods
2.1 Materials

We have received PA from BDH Laboratories Supplies, UK.
We have purchased phorbol 12-myristate 13-acetate (PMA) from
MedChemExpress, USA. Acridine orange (AO), MTT dye, Giemsa
stain, dimethyl sulfoxide (DMSO), and Ethidium bromide (EB)were
received from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum
and RPMI-1640 medium were obtained from Invitrogen (Carlsbad,
California, USA).

2.2 CNs synthesis

To synthesize the CNs, about 25 mL of corn oil was poured into a
clay pot. Cotton wicks were wholly immersed in oil except for the end
tails. Then, the wick end tail was lighted, and the glass plate was kept
above the fire. Afterward, the fire was permitted to burn continuously
via the capillary action of the cotton wick. The carbon was applied
to the glass surfaces. It was conducted in a fume hood to ensure the
synthesis process was ventilated correctly. The resulting carbon was
collected and dispersed in ethanol using ultrasonication at 750 W for
15 mins. Then, the carbon particles were washed with ethanol through
centrifugation. The corn oil-derived CNs were labeled as CCNs.

2.3 Fabrication of CNs decorated PA

Approximately 20 mg of CCNs were mixed with 20 mg of PA. The
mixture was boiled at 200°C for 30 min to promote the interaction of
the PA and CCNs. Afterward, the obtained samples were washed with
ethanol using centrifugation for further analysis.

2.4 Analysis of carbon nanostructures
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We investigated the surface composition of CNs using X-ray
photoelectron spectroscopy (XPS); it was conducted on the ESCA1600
system (ULVAC-PHI Inc., Tokyo, Japan) using an Al K-alpha X-ray
source and a hemispheric electron analyzer. A transmission electron
microscopy (TEM) was used to examine the structural features of the
CNs at an accelerating potential of 120 kV. The CNs were dispersed in
ethanol using ultrasonication and dropped on a carbon-coated copper
grid for TEM observation. Fourier transform infrared spectroscopy
(FTIR) was carried out by FT/IR-6300 with ATR PRO610P-S (JASCO).
We obtained the carbon nanoparticle's X-ray diffraction pattern using a
RINT ULTIMA X-ray diffractometry (XRD) system (Rigaku Co., Tokyo,
Japan) with a Ni filter and a Cu-Ka source. The prepared samples were
dispersed in distilled water using ultrasonication, and the hydrodynamic
size of CNs analyses were performed on Malvern Zetasizer nanoseries,
Nano-ZS90 (Malvern Inst. Ltd, Malvern, UK).

2.5 Cell culture

Human leukemia THP-1 cells were purchased from the American
type culture collection (ATCC), USA. To maintain THP-1 cells, we used
RPMI-1640 medium supplemented with antibiotics (100 U/ml penicillin
and 100 pg/ml streptomycin) and 10% fetal bovine serum. Incubation
was performed at 37°C under 5% carbon dioxide. The THP-1 cells
were differentiated into macrophages using 10 ng/mL PMA overnight
exposure for cytotoxicity assessment experiments (Phuangbubpha et al.,
2023). It was observed that THP-1-derived macrophages adhered to the
surfaces of the cell culture plates.

2.6 Analysis of cell viability

The impact of CCNs and CCNs/PA on the cell viability of THP-1-
derived macrophages was investigated using MTT assay (Athinarayanan
et al., 2024; 2025). The macrophages were cultured into 96-well plates.
The CCNs and CCNs/PA were dispersed in RPMI-1640 media using
ultrasonication. Afterwards, the CCNs and CCNs/PA were exposed to
macrophages with different concentrations, including 0, 25, 50, 100,
200, and 400 pg/mL for 24 and 48 h. Then, the MTT dye was added to
each well and kept for 6 h in the dark at 37°C. Then, the cell survival
rate was determined by measuring the O.D. value of each well. Each
experiment was performed three times separately.

2.7 AO/EB assay

About 1x10° macrophage cells were cultured in 24-well plates
and exposed to CCNs and CCNs/PA for 24 h. After exposure, the
macrophage cells morphological features were examined using bright-
field microscopy (Habelreeh et al, 2025). For fluorescent microscopy
analysis, cells were stained with AO/EB dual stain for 2 min at 37°C
(Athinarayanan et al., 2018). The stained control and treated cells were
examined under fluorescence microscopy.

2.8 Giemsa staining assay

Briefly, 1x10° macrophage cells were cultured in 24-well plates and
exposed to CCNs for 24 h. According to the manufacturer's instructions,
the cells were fixed with formaldehyde for 15 min at 37°C. Next, the
cells were washed with phosphate buffer saline and stained with Giemsa
for 10 min at room temperature. The stained cells were examined under
an optical microscope. Generally, apoptotic cells were shown in blue,
and normal or necrotic cells were darker.

2.9 Oil red O staining

The Oil Red O staining assay was carried out to identify the fatty
acid accumulation. The macrophages were cultured in 24-well plates
and treated with CCNs- PA for 24 h. Afterward, cells were fixed for 30
min and stained with Oil Red O stain at 37°C for 60 mins. The cells
were washed thrice with PBS, and cells were examined and imaged.
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2.10 Statistical analysis

All statistical analysis was performed using Microsoft Excel
Software. All the data are presented as the mean + SD. Pvalue < 0.05
was considered to be a statistically significant difference.

3. Results and Discussion
3.1 Synthesis and characterization of CCNs

An edible oil serves as a sustainable resource for carbon
nanostructures. The edible oil is burned in cotton wicks' flame, producing
carbon particles (Scheme 1). The aggregated carbon particles were
dispersed under an ultrasonication process to achieve the formation
of a carbon nanostructure. As similar, some studies synthesized
carbon-based materials through wick-and-oil flame synthesis process.
For example, Tyagi et al., (2022) study reported that mustard oil was
exploited as sustainable resource for activated carbon preparation
through wick-and-oil flame synthesis process. Periasamy et al., (2024)
study suggested that carbon nano-onions have been synthesized using
ghee as precursor. In addition, candle soot is used to prepare carbon
nanoparticles (Kanakaraj and Sudakar, 2020). Scheme 1 represents the
preparation of CCNs/PA. The CCNs surface was functionalized with PA
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Schematic representation of the fabrication of PA decorated CCNs.

at 200°C. The PA melts and interacts with the surface functional groups
of CCNs. The long hydrocarbon chains of PA orient outward, forming a
hydrophobic coating around the CCNs.

Fig. 1 shows the FTIR spectra of CCNs and CCNs/PA. These results
show different absorption peaks around 2158, 2000, and 1978 cm-1.
The band around 2158 cm-1 corresponds to the stretching vibrations of
car-bon-carbon (C=C). In addition, the FTIR absorption band between
1900 - 2100 cm-1 is associated with defective carbon nanoparticles.
Also, these structures may form in amorphous or partially graphitized
carbon materials. The synthesized CN's particle size distribution was
measured using a particle size analyzer. The prepared CCNs average
particle size is 179 nm (Fig. 2). In addition, we have analyzed average
particle size distribution of CCNs/PA, results indicate that particle size
of CCNs/PA is 196 nm (Fig. 2). An average particle size of prepared
nanostructures is greater than that acquired from the TEM observation
because of aggregation (Athinarayanan et al., 2022).

XPS is often used to characterize the chemical state of surfaces
of carbon-based com-pounds. The XPS spectrum of the CCNs are
represented in Fig. 3. The XPS scans displayed that CCNs possess 2
peaks, corresponding to Cls and Ols. We examined the strong signal
of the Cls peak compared to the Ols peak, revealing that CCNs are
predominantly carbon with minimal oxygen. These peaks originate
from the valence electron relaxation of carbon atoms in response to

Transmittance (%)

650 1150 1650 2150 2650 3150 3650
Wavenumber (cm)
Fig. 1. FTIR spectra of (blue) CCNs and (red) CCNs/PA.
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Fig. 2. Particle size distribution of (a) CCNs and (b) CCNs/PA. The prepared nanostructures were dispersed in distilled water and particle size distribution was determined using

dynamic light scattering (DLS) approach.

(a)

Intensity (a.u)

als

O1s

L] L] L] L
1000 800 600 400 200 0
Binding Energy (eV)
(®) c1s (© ots
- cc -
= / []
& 2
£ =y
g g
g &
C-OH, C-0-C
298 296 294 292 290 288 286 284 282 280 545 543 S41 539 537 535 S§33 S31 529 27 525
Binding Energy (eV) Binding Energy (eV)

Fig. 3. X-ray photoelectron (a) survey spectra and high-resolution spectra of (b) Cl1s and (c) O1s of carbon nanostructures derived from corn oil.



Almubarak et al.

their ejection due to photoionization generated by exposure to X-rays.
According to the arrangement of carbon atoms, peak intensities and
shapes vary. There are five peaks in the deconvolution of the Cls,
i.e., a prominent peak at 284.2 eV associated with sp2 hybrids C-C
bonds, 285.5 eV assigned to sp3 C-O, 286.5 eV related to C-sp3 -OH,
287.8 denoting O-C-O, and 288.9 eV related to —C-sp2 COOH- bond.
Sp2 hybridization of carbon is attributed to graphitic carbon, while sp3
hybridization is associated with the amorphous carbon of CCNs. The
O1ls have three deconvolution peaks, i.e., C-O at 531.2 eV, C-O-H at
536.5 eV, and COOH at 533.3 eV. The surface of CCNs contains a band
between carbon and oxygen.

In order to determine the crystalline properties of synthesized
CCNs, XRD measurements were performed. XRD spectra of prepared
nanostructures are shown in Fig. 4. There is a broad peak around 26 =
24.3, which was identified as the (002) plane, assigned to the presence
of large amounts of amorphous CNs connected with graphite hexagonal
lattice. According to previous studies reported that peak indicates the
existence of huge amount of amorphous material associated with CNs
(Atchudan et al.,2020; Wang et al., 2022). We found that our study results
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were consistent with previous studies (Atchudan et al,2020; Wang et
al., 2022). Transmission electron microscopic images of CCNs revealed
that 70 — 100 nm in diameter spherical particles were associated with
the formation of clusters (Fig. 5). According to TEM images, CNs form a
fractal chained structure. Also, the CCNs TEM images are identical. Our
TEM results are highly closed to earlier studies. For instance, Chang
et al., (2021) study demonstrated that oil-derived carbon nanoparticles
possess spherical shape with aggregate forms.

3.2 Cytotoxicity analysis of CCNs decorated PA

Macrophages were derived from human THP-1 cells through
differentiation using PMA. Meanwhile, the suspension THP-1 cells
changed into adherent macrophages. Macrophages are one of the
essential components of the innate immune system. Macrophages involve
phagocytosis and pro- and anti-inflammatory cytokine secretion during
inflammatory conditions. We assessed the cytotoxicity of PA decorated
CNs using THP-1 macrophages as an in vitro model. To investigate
the impact of CCNs and CCNs/PA on cell viability and intracellular

Intensity (a.u)

10 20 30 40

50 60 70 80

2 Theta (°)

Fig. 4. X-ray diffraction pattern of carbon nanostructures derived from corn oil.
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Fig. 5. (a-b) TEM images of carbon nanostructures derived from corn oil.
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Fig. 6. (a) Cell viability evaluation of THP-1 macrophages after exposure to CCNs. All the represented data were collected from triplicates. (b) Cell viability evaluation of THP-1
macrophages after exposure to CCNs/PA. All the represented data were collected from triplicates. There was no significant difference among the groups (P > 0.05).

uptake. Choosing the dose carefully when conducting experiments
on nanoparticle cytotoxicity and cell uptake is important because
extremely high dose levels cannot exhibit variable cellular uptake due
to particle overload and/or cell death caused by nanoparticles. The
prepared CCNs and CCNs/PA were dispersed in cell culture media
using ultrasonication process for cytotoxicity assessment. According to
our experiments with THP-1 macrophages, 50 and 100 ug/mL was the
dose at which differential cellular uptake occurred without macrophage
cytotoxicity. Figs. 6(a) and (b) shows the effect of CCNs and CCNs/PA
on the viability of THP-1 macrophages. We noticed that CCNs promotes
cell viability reduction in macrophages by dose- and time-dependent
manner.

In contrast, the cell viability slightly increased in the 25, 50, 100,
200, and 400 pg/mL CCNs/PA exposure. The cell viability assay results
revealed that CCNs/PA are non-toxic. Kokalari et al, (2021) study
reported that carbon nanoparticles do not enhance the cell viability
reduction in human bronchial epithelial cells (BEAS-2B) and human
lung cancer cells (A549 and NCI-H1650), and on uptol60 pg/mL.
Similarly, the Dehvari et al., (2019) study demonstrated that crab shell-
derived carbon nanodots do not promote cell death up to 1000 pg/mL.
In addition, a previous study reported that Palmyra palm leaf-derived
carbon dots did not affect cell viability even at 400 png/mL concentration

(Athinarayanan et al., 2020a). Furthermore, we have investigated the
cell uptake through bright-field microscopy. We found that the CCNs and
CCNs/PA accumulates in macrophages (Fig. 7). The black accumulation
was observed intracellularly based on the dose range. These results
attributed the cellular uptake of CCNs/PA and did not promote any
adverse changes in cell structure. This result inferred that the size of
the particles correlates with more intracellular uptake on CCNs/PA,
which is constant with the examination in THP-1 macrophages. The
intracellular localization of CCNs and CCNs/PA were revealed using
bright-field microscopic images. Nuclear morphological modulations
of cells are vital for identifying apoptotic cell death. After exposure
to CCNs and CCNs/PA for 24 h, nuclear morphological changes were
observed in CCNs-treated cells (Fig. 7a). CCNs induce apoptotic cell
death in THP-1 macrophages, but cells treated with CCNs/PA remained
healthy, with no changes seen (Fig. 7b). Fig. 8 shows the Wright-
Giemsa staining of CCNs/PA-treated macrophages. We examined the
CNs decorated PA aggregates as black bunch-like structures in CCNs/
PA treated macrophages. But no modulation in intracellular structures.
Our results suggested that CCNs/PA do not cause cell death or any
cellular structure modulations. It inferred that CCNs/PA are non-toxic
in macrophages. Hence, these nanostructures can be used in biological
applications. Oil-red O staining results are shown in Fig. 9. It shows
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Fig. 7. (a) Morphological features of THP-1 macrophages without and with exposure to CCNs. After THP-1 cells differentiate into macrophages using PMA and are exposed
to CCNs, Control = 0 ug/mL, Dose I = 50 ug/mL; Dose II = 100 pg/mL for 24 h. Images were captured using bright-field microscopy at 400x. A blue arrow indicates an
accumulation of CCNs. Nuclear morphological changes of THP-1 macrophages without and with exposure to CCNs (Control, Dose I = 50 pg/mL; Dose II = 100 pg/mL) for 24 h.
The cells were stained with AO/EB, and images were captured using fluorescence microscopy at 400X. (b) Morphological features of THP-1 macrophages without and with exposure
to CCNs/PA. After THP-1 cells differentiate into macrophages using PMA and are exposed to CCNs/PA, Control = 0 pg/mL, Dose I = 50 pg/mL; Dose II = 100 pg/mL for 24 h.
Images were captured using bright-field microscopy at 400x. A blue arrow indicates an accumulation of CCNs/PA. Nuclear morphological changes of THP-1 macrophages without
and with exposure to CCNs/PA. After THP-1 cells differentiate into macrophages using PMA and are exposed to CCNs/PA (Control, Dose I = 50 ug/mL; Dose II = 100 pg/mL) for
24 h. The cells were stained with AO/EB, and images were captured using fluorescence microscopy at 400X.
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Fig. 8. Effects of CCNs/PA on morphological changes in THP-1 macrophages. Following 24 h of CCNs/PA treatment, irregular changes in morphology were detected when
compared with the control. Control = 0 ug/mlL, Dose I = 50 pg/mL; Dose II = 100 pg/mL for 24 h. The cells were stained with Giemsa, and images were captured using light
microscopy at 400X. A blue arrow indicates an accumulation of CCNs/PA.
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Fig. 9. Effects of CCNs/PA on cellular uptake in THP-1 macrophages. Cell structural features of THP-1 macrophages without and with exposure to CCNs/PA. Control = 0 ug/mL;
Dose I = 50 pg/mL; Dose II = 100 pg/mL for 24 h. The cells were stained with Oil Red O stain, and images were captured using light microscopy at 400X. A blue arrow indicates
lipid droplet accumulation.
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Fig. 10. Antimicrobial activity of CCNs and CCNs/PA.

the CNs attached to PA presence in macrophages. The dark red sphere-
like structures found in CCNs/PA treated cells. Our results suggest that
CCNs/PA exhibited no significant cytotoxic effects in macrophages.
We have assessed the antibacterial potential of CCNs and CCNs/PA,
shown in Fig. 10. The CCNs lack antibacterial activity against E. coli
and Staphylococcus aureus. The PA -decorated carbon nanoparticles
exhibited an antibacterial effect on E. coli but not on Staphylococcus
aureus (Table S1). Our results clearly indicate that CCNs/PA exhibit
antibacterial activity due to the presence of PA.

4. Conclusions

We have synthesized edible oil-derived CNs with a range of particle
sizes between 70 — 100 nm. The CCNs were analyzed using different
techniques, including TEM, XRD, XPS, and FTIR. XPS analysis of CNs
displays typical peaks at 284.2 and 532.8 eV, attributed to Cls and
O1s, respectively. The CCNs surface was modified with PA, and the
cytotoxicity and cellular uptake in THP-1-derived macrophages were
evaluated. An in vitro cytotoxicity results indicated that CCNs/PA do
not alter the viability of macrophages due to their good compatibility.
Also, these materials do not modulate cellular morphological changes
in macrophages. These results suggest no significant difference between
CCNs/PA cytotoxic features was observed. In summary, the prepared
CCNs/PA may be applied in biomedical applications for further
investigation.
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