PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Moringa Gum-derived Polymeric Carbon Dots for
Antimicrobial Activity

Yasir Igbal = #>* Shahzad Ali Shahid Chatha,? Igbal Ahmed, ¢ Khuram Shahzad,?
Muhammad Yasir Siddique,® and Usama Anwar ©

* Corresponding author: yasirgcu7@gmail.com

DOI: 10.15376/biores.20.2.4479-4494

GRAPHICAL ABSTRACT

Ambient light UV light
Moringa Gum Water Water
\ 4 - _{ icrowave Centrifuge PN Q
‘ ‘ Treatment Filtration @ Q
| —— °
e
. @ mMGeDps
§ 124(b) s
J 104
208
<
- 06
L
% 04
Eo2]
Moringa gum powder 2
00

200 250 300 350 400 450 500
Wavelength (nm)

Igbal et al. (2025). “Moringa gum carbon dots,” BioResources 20(2), 4479-4494.


https://orcid.org/0000-0002-3524-8351

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Moringa Gum-derived Polymeric Carbon Dots for
Antimicrobial Activity

Yasir Igbal "' 2°* Shahzad Ali Shahid Chatha,® Igbal Ahmed,”¢ Khuram Shahzad,?
Muhammad Yasir Siddique,® and Usama Anwar ©

The scientific community is actively developing innovative nanomaterials
with broad-spectrum antimicrobial properties. In this study, moringa gum-
derived polymeric carbon dots (MGCDs) were synthesized via a rapid and
eco-friendly microwave irradiation technique using agueous moringa gum
as the precursor. The resulting MGCDs exhibited strong green
fluorescence under UV light, with a UV-Vis absorption peak at ~290 nm
and excitation-dependent fluorescence at 360 nm. They demonstrated
significant antioxidant activity, achieving 87% DPPH scavenging efficiency
at 0.9 mg/mL, comparable to ascorbic acid. Zeta potential analysis
confirmed high colloidal stability, with values of 29 £ 0.9 mV (DI water), 30
+ 0.8 mV (SBB), 28 + 9 mV (PBS), and 23 + 0.8 mV (DMEM).
Hydrodynamic sizes ranged from 86 + 3 nm to 135 + 4 nm, indicating
solvent-dependent dispersion. TGA showed high thermal stability, while
XRD confirmed an amorphous carbon structure with a broad peak at 22°.
MGCDs demonstrated the antibacterial activity against Staphylococcus
aureus and Bacillus subtilis, resulting in inhibition zones of 17.4 £ 0.8 mm
and 15.2 = 0.6 mm, respectively, at 40 mg/mL. Their multifunctionality,
simple synthesis, and cost-effectiveness highlight their potential in
bioimaging, antimicrobial applications, and fluorescent materials.
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INTRODUCTION

Carbon dots (CDs) have attracted a lot of interest due to their unique properties,
including excellent stability, biocompatibility, and tunable photoluminescence. These
qualities make them ideal for a wide range of applications, such as bioimaging, sensors,
drug delivery, and photocatalysis (Emam 2022). These zero-dimensional carbonaceous
nanomaterials exhibit unique optical characteristics, such as strong fluorescence, high
quantum vyield, and excellent photostability, which have led to their widespread use in
biomedical and environmental applications (Yang et al. 2025). CDs can be classified into
carbon quantum dots (CQDs), graphene or graphene oxide quantum dots (GQDs or
GOQDs), and carbonized polymer dots (CPDs) (Zhu et al. 2015; Daoudi et al. 2024).
Recent advancements in the synthesis, functionalization, and application of CDs have
paved the way for innovative solutions in diverse fields, including nanomedicine,
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environmental remediation, and optoelectronics. However, despite significant progress,
challenges such as low quantum efficiency, batch-to-batch variability, and limited control
over surface functionalization still need to be addressed for broader commercial and
clinical applications (Emam and Ahmed 2021; Ahmed et al. 2024).

The synthesis of carbon dots (CDs) generally follows two main approaches: top-
down and bottom-up methods. In top-down techniques — such as laser ablation,
electrochemical oxidation, and arc discharge — larger carbon structures are broken down
into nanoscale CDs. On the other hand, bottom-up methods, including hydrothermal,
solvothermal, and microwave-assisted techniques, involve assembling CDs from smaller
molecular precursors, that facilitate the self-assembly of CDs from molecular precursors
(Modi et al. 2023). When compared to the conditions of the traditional hydrothermal
approach, the microwave (MW) assisted hydrothermal synthesis is a simple strategy for
producing luminous CDs with low energy consumption. The inability to effectively
manage some variables, such as CD size, limits the effectiveness of this technology.
Additionally, the process by which CDs are developed under (MW) irradiation is
complicated and not backed by concrete insight (Wang et al. 2014; Shibata et al. 2022).
Functionalization of CDs plays a crucial role in tailoring their properties for targeted
applications. Surface modification using heteroatom doping (e.g., N, S, P) has been widely
investigated to improve quantum yield, charge transfer efficiency, and stability. Moreover,
surface passivation with polymers and biomolecules has enabled enhanced
biocompatibility, making CDs highly suitable for biomedical applications such as drug
delivery, biosensing, and cancer therapy. The versatility of CDs has also been demonstrated
in their use as nanocarriers for anticancer drugs, where their fluorescence properties allow
simultaneous imaging and therapeutic functionalities. Studies have reported the successful
conjugation of CDs with chemotherapy drugs, leading to improved drug solubility and
targeted delivery with minimal cytotoxicity (Ahmed and Emam 2020; Ahmed et al. 2023)

Beyond biomedical applications, CDs have shown promise in environmental and
energy-related technologies. Their photocatalytic activity has been extensively studied for
applications in wastewater treatment, hydrogen production, and CO2 reduction. The ability
of CDs to act as electron donors or acceptors in photocatalytic reactions has led to their
integration with semiconductor materials for enhanced charge separation and catalytic
efficiency. Additionally, CDs have been employed in the fabrication of light-emitting
diodes (LEDs) and solar cells, where their tunable emission properties contribute to
improved device performance. Recent works highlight the importance of CDs in enhancing
the efficiency of photovoltaic devices by acting as light-harvesting materials with broad
absorption spectra (Emam et al. 2021; Daoudi et al. 2024)

Despite these promising advancements, several challenges remain in the large-scale
production, reproducibility, and stability of CDs. The need for standardized synthesis
protocols, comprehensive toxicity evaluations, and scalable functionalization strategies is
crucial for the successful translation of CDs into real-world applications. Future research
should focus on the development of highly efficient and environmentally friendly synthetic
routes, deeper mechanistic understanding of CD interactions at the molecular level, and
further exploration of their multifunctional capabilities in diverse applications (Ahmed et
al. 2021; Emam 2024). Polysaccharides, due to their specific carbon core structure and
surface groups, serve as an excellent carbon source for carbon dot synthesis, owing to their
accessibility, cost-effectiveness, abundance of functional groups, and exceptional
biocompatibility. Polysaccharides represent a prominent, diverse, and important category
of biological molecules. The abundance, accessibility, and variety of polysaccharides,
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together with their significant hydrophilicity, low carbonization temperature, cost-
effectiveness, and benign nature, render them favoured precursors for CDs synthesis.With
all of the above possibilities for modifying the synthetic technique of CDs, it is not
unexpected that researchers have already begun to examine and approve the positive
properties of polysaccharides by focusing on the synthesis of new fluorescence-active CDs
with improved characteristics (Emam 2022; Bazazi et al. 2023). Recent advances in carbon
dot (CD) synthesis have focused on sustainable and cost-effective precursors, particularly
those derived from undesirable waste materials. Agricultural residues, food waste, and
industrial by-products have been widely explored as low-cost alternatives for CD synthesis
due to their high carbon content and abundance. Examples include fruit peels,
lignocellulosic biomass, and spent coffee grounds, which offer an eco-friendly approach to
nanomaterial development (Alabadi et al. 2015; Basta et al. 2021). Compared to these
waste-derived precursors, researchers have been continuously exploring new materials for
their possible utilization in biomedical field (Wang et al. 2024; Zhou et al. 2025), thus in
this scenario moringa gum has been utilized that is a mainly composed of polysaccharide
with unique functional properties, making it a valuable starting material. While moringa
gum-derived carbon dots (MGCDs) exhibit biocompatibility and stability, the use of waste-
based carbon sources could further reduce production costs and promote circular economy
practices. The moringa gum’s natural abundance, eco-friendliness, and rich carbon content
(Igbal et al. 2023; Kumar and Singh 2024) make it an ideal base material for the synthesis
of moringa gum-based carbon dots. Therefore, in the current study the CDs have been
prepared from microwave assisted hydrothermal synthesis with moringa gum as base
carbon material. Thus, future studies should explore a comparative analysis of MGCDs
with waste-derived CDs to assess their structural, optical, and functional differences,
thereby optimizing both sustainability and performance for biomedical and environmental
applications. Several studies have explored the synthesis of CDs from natural sources such
as carbohydrates, proteins, and plant extracts, demonstrating their potential as cost-
effective and biocompatible materials (Emam et al. 2023; Bazazi et al. 2023; Emam 2024).

EXPERIMENTAL

Materials

This study used ascorbic acid (Ac) (CAS No. 50-81-7) and (DPPH, CAS No. 1898-
66-4, molecular weight: 394.32 g/mol). Moringa gum was obtained from Bara Dawakhana,
a recognized natural medicine store (PHC Registration No. R-54521 in Faisalabad. The
solution was prepared using deionized water. Ciprofloxacin disks (5 pg, CT052B) were
bought from Thermo Fisher and utilized as control.

Moringa Gum Derived Carbon Dots Synthesis

A microwave-assisted synthesis (MAS) process was used to create the moringa-
based carbon dots (MGCDS). For this 0.2 g of natural polymer was dispersed in deionized
water (DI) under constant mixing for two hours to completely dissolve the polymer matrix.
The above contents were transferred to the conventional microwave-based oven and heated
until the volume of solution remained 1/4" of the original volume. The appearance of the
solution changed to reddish dark brown. The solution was exposed to microwave radiation
in the oven by means of a heating and cooling cycle, i.e., 30 seconds exposure to the
microwave was followed by 5 min of cooling cycle to avoid the overheating of solution.
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The 30 to 35 exposures were given, and it took 50 to 60 min for completion of said process.
The last step was to bring the mixture to room temperature before adding 10 mL of (DI)
and it was stirred for 30 min. The mixture was centrifuged to 5000 revolutions/min for 10
min to remove the larger particles. The resultant supernatant was filtered by 0.2 p-syringe
filter and stored for further use.

Characterizations
Fourier transform infrared spectrometry (FTIR)

The ATR FTIR spectrometer, ThermoScientific Nicolet iS5 (Waltham, MA) was
used to analyze the functional groups and chemical interactions within the samples. The
analysis covered a spectral range of 4000 to 500 cm™" with a resolution of 2 cm™, providing
an understanding of material interactions. The powdered moringa gum which was used as
precursor and synthesized MGCDS were subjected to FTIR analysis.

Ultraviolet — visible spectroscopy (UV-VIS) /Fluorescence spectroscopy (PL)

The (UV-VIS) absorption spectra of samples that needed to be performed were
obtained with Lambda 25, Perkin Elmer in range of 200 to 800 nm. The fluorescence
spectroscopy was done by Spectro-Fluorophotometer (RF-6000). The excitation
wavelengths were 320, 325, and 360 nm. The LabSolutions RF software was used to obtain
data.

Thermal analysis

Thermogravimetric analysis (TGA) using the Simultaneous DSC-TGA, SDT Q600
system (New Castle, DE) was used to access the materials’ thermal properties and stability.
Under a controlled heating rate of 10 °C/min with a constant nitrogen flow of 50 mL/h, the
samples were heated from 25 to 600 °C.

X-ray diffraction analysis (XRD)

The degree of crystallinity or amorphous characteristics of the samples was
assessed through X-ray diffraction (XRD). XRD spectra were acquired utilizing an X-ray
Diffractometer (D8 Bruker system). The samples were positioned in the specified sample
holder, and the diffractogram was acquired within the 26 range of 10° to 80°. Subsequently,
the Rietveld refinement of the XRD pattern was performed utilizing a two-phase model in
the Fullprof program and plotted using Origin 2022 (Academic).

Zeta potential and hydrodynamic particle size
The zeta potential and particle size analysis of MGCDS was performed by zeta sizer
instrument Malvern zeta seizer 2000, at room temperature.

Statistical analysis

To ensure the reliability and reproducibility of the experimental data, descriptive
statistical analysis was performed. Mean and standard deviation were calculated for each
dataset to assess data dispersion and central tendency. The coefficient of variation (CV)
was also determined to evaluate data consistency. All statistical analyses were conducted
using OriginPro, and graphical representations such as error bars in plots were included to
highlight variability. Each experiment was performed in triplicates (n = 3) to ensure
statistical significance.
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Biological Activities
DPPH assay

The evaluation of antioxidant activity was conducted utilizing the DPPH
scavenging assay. MGCDS and ascorbic acid (Ac) (standard) at different concentrations
(0.05 to 0.9 mg/mL) were combined with 1 mL of 0.2 mM DPPH in methanol. The mixture
underwent incubation in a dark environment at room temperature for a duration of 30
minutes, followed by the measurement of absorbance at 517 nm. A methanolic DPPH
solution was utilized as the blank (Jeong et al. 2019). The antioxidant activity was
quantified using the following formula,

Ab. of blank - Ab. of sample

. g g
% DPPH radical inhibition b, of blank

x100 (1)
where Ab is absorbance.

Antibacterial activity

The antibacterial activity of the MGCDS was evaluated against two bacterial
strains, B. subtilis (ATCC23857) and S. aureus (ATCC25923), utilizing the agar well
diffusion technique. The bacterial isolates were initially cultivated for 24 hours on tryptic
soy agar (TSA) to generate a standardized inoculum. Subsequently, the inoculum was
incubated at 37 °C until the concentration of colony forming units (CFU/mL) achieved 1
x 10°% To inoculate the agar plates, the standardized microbial suspension was evenly
spread over the entire surface of plate. A sterile cork borer with a diameter of 6 mm was
utilized to create wells in the agar. Subsequently, 100 uL of a 40 mg/mL sample was added
to the wells, with ciprofloxacin disk used as a positive control. After a 24-h incubation
period, the zones of inhibition (measured in mm) for each sample were recorded. Each
zone was measured from three different positions and results were expressed as mean +
standard deviation.

RESULTS AND DISCUSSION

Fluorescent carbon dots were synthesized in an aqueous solution using moringa
gum as the precursor and water as the solvent, employing a microwave-assisted technique,
as shown in Fig. 1. The synthesis process involved precise control of temperature and
microwave radiation cycles, as outlined in the Methods section. The obtained carbon dots
were then subjected to structural characterization using a variety of complementary
techniques.

Moringa Gum Water Water
_,\ / / O 0 O
Microwave cerititfuge @ ® @ )
Treatment Filtration P 9
@ MGeDs

Fig. 1. Carbon dots synthesized by microwave assisted technique
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XRD analysis

The XRD examination of MGCDS exhibited a broad peak in region of (20 = 20 to
30°), which was attributed to the amorphous carbon structures (Fig. 2) (Mohanty et al.
2007). The weak diffraction peak in region of (26 = 40 to 50°) was ascribed to the o axis
of graphite structure (Sharma et al. 2022). The X-ray diffraction (XRD) pattern of carbon
dots was analyzed and refined using the Rietveld refinement method to elucidate their
structural properties. The experimental data represented by black markers exhibit distinct
diffraction peaks, indicating the presence of crystalline domains within the carbon dots,
which was likely originating from graphitic structures. The calculated pattern, shown as a
red curve, was obtained by fitting the experimental data using a crystallographic model,
providing insights into the structural arrangement. The green ticks represent the Bragg
positions, corresponding to the theoretical diffraction angles of the modeled crystal
structure, while the blue line indicates the difference between the experimental and
calculated patterns. The close alignment of the experimental and calculated data, as
evidenced by the minimal deviation in the difference plot, signifies the reliability of the
refinement.

—v— EXperimental data g i
F e —— Calculated data Ry K ?
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Fig. 2. Rietveld refinement of the XRD pattern for carbon dots. Experimental data (black markers)
align well with the calculated pattern (red line), with Bragg positions (green ticks) and a minimal
difference plot (blue line)

The data were well matched with its standard diffraction pattern JCPDS (No. 26-
1076) and found to be at good agreement. The refinement yielded lattice parameters
a=4.4440 A°, b=6.6590 A°, and c¢=21.012 A°, suggesting a well-defined crystalline
structure. The broadening of the peaks indicates the presence of nanocrystalline domains,
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consistent with the typical characteristics of carbon dots, which often exhibit a graphitic
core surrounded by an amorphous matrix. The size average crystallite size was calculated
to be 12 nm by use of Deby Scherrer’s formula. The refinement also provides quantitative
information about the atomic arrangement, which is crucial for understanding the material's
properties. The crystalline features of the carbon dots are significant for their functional
applications, such as photoluminescence, catalysis, and bioimaging, where the interplay
between crystalline and amorphous phases plays a pivotal role.

Spectroscopic analysis

The FTIR spectra of the synthesized MGCDs exhibit distinct features compared to
the base material, MG, as shown in Fig. 3a. A broad peak centered at 3226 cm™,
accompanied by a shoulder at 2929.7 cm™, is observed. The broad peak in the region of
3400 to 3000 cm™ was attributed to O—H and N-H stretching vibrations, indicative of
hydroxyl and amino groups on the carbon dot surface (Ding et al. 2017; Kolanowska et al.
2022). The shoulder peak at 2929.7 cm™ corresponds to C—H stretching vibrations, while
a sharp peak at 1559.9 cm™! can be assigned to N—H deformation vibrations (Nair et al.
2020; Kaczmarek et al. 2021). Additionally, the peak at 1405 cm™ is associated with C=C
stretching and the sharp peak at 1017.6 cm™ represents the symmetric vibration of the C—
O-C bond (Zhang et al. 2012; Wang et al. 2014).
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Fig. 3. (a) FITR spectra of MG and MGCDS. (b) UV-visible spectra of MG and MGCDS. (c) PL

spectra of MGCDS (Aex: 360 nm). (d) Photographs of MGCDS solution under ambient and UV
light

Fluorescence Intensity

Figure 3b shows the UV-VIS spectra of MGCDS. The absorbance peak was
centered at 300 nm with the tail extending towards the visible region. The features observed
in this spectral range are commonly attributed to either n—n* or n—n* transitions associated
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with carbonyl groups or related functional groups. Such transitions typically result in
emission bands appearing in the visible region of the spectrum (Demchenko 2019; Sharma
et al. 2017). The fluorescence emission of carbon dots exhibits a strong overlap with their
absorbance spectrum, with a maximum emission at 460 nm under the 360 nm excitation
which has been elaborated in Fig. 3c. Further emission spectra with relative to excitation
at different wavelengths have been elaborated in Fig. 4. The emission profile is broad,
extending into the green region. This emission behavior is further illustrated in Fig. 3d,
where a photograph of the MGCDS dispersion in water shows green fluorescence under
UV light.
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Fig. 4. Fluorescence spectra at different excitation it relative emission spectra of MGCDS

Thermogravimetric analysis

The thermal stability of the prepared MGCDs was examined using TGA. At
temperatures reaching 150 °C, the MGCDs exhibited an initial weight reduction of 17%,
attributed to the loss of moisture and water molecules from the sample. Subsequently, as
the temperature increased to 200 °C, the MGCDs exhibited stable behaviour accompanied
by a minor reduction in weight. The most significant weight loss of 49% occurred between
200 and 400 °C, which may be attributed to the degradation of surface functional groups
such as carboxyl (-COOH) and carbonyl (C=0), as previously reported in similar carbon-
based materials (Mintz et al. 2021). Upon increasing the temperature from 400 to 600 °C,
further degradation occurred, resulting in an additional 16% weight loss.
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In comparison, pure Moringa Gum (MG) showed an initial weight loss of 17% up
to 150 °C, which can be attributed to the presence of moisture and hydroxyl (—OH) groups
in the polymeric chain. The second major weight reduction occurred between 150 and 400
°C, where MG lost 49% of its mass due to thermal decomposition of biopolymer (Lofty et
al. 2020). In the final stage, between 400°C and 600°C, MG exhibited an extensive weight
loss of 14%, leading to a total decomposition of 80%, leaving only 20% residual mass. In
contrast, MGCDs retained 35% of their mass at 600°C, suggesting improved thermal
stability due to the formation of a more resilient carbonaceous structure.
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Fig. 5. TGA curves of Moringa Gum (MG) and MG-derived Carbon Dots (MGCDs). MG shows
80% total weight loss, while MGCDs exhibit improved thermal stability with 65% loss.

Zeta potential and hydrodynamic particle size

The stability and surface charge of Moringa gum-derived polymeric carbon dots
(MGCDs) were evaluated through zeta potential measurements in different suspension
media, including deionized (DI) water, Simulated Body Buffer (SBB), Phosphate Buffer
Saline (PBS), and Dulbecco’s Modified Eagle Medium (DMEM). The zeta potential values
ranged from 23 + 0.8 mV (DMEM) to 30 + 0.8 mV (SBB), indicating a predominantly
positive surface charge across all conditions. The relatively high zeta potential values (>
+25 mV) suggest that MGCDs exhibit good colloidal stability in these media due to
sufficient electrostatic repulsion, minimizing aggregation. However, a slight decrease in
zeta potential in DMEM (23 £ 0.8 mV) suggests that ionic interactions with the culture
medium components might lead to minor charge screening effects.

The hydrodynamic size of MGCDs was assessed using dynamic light scattering
(DLS), showing sizes ranging from 86 + 3 nm (SBB) to 135 + 4 nm (DMEM). The increase
in hydrodynamic size in DMEM (135 £+ 4 nm) suggests potential protein adsorption or
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slight aggregation due to the complex ionic environment of the medium. In contrast, the
relatively stable sizes in DI water (90 £ 2 nm) and PBS (89 + 3 nm) indicate that the
MGCDs maintain their dispersion properties effectively.

Table 1. Zeta Potential and Hydrodynamic Sizes of Moringa Gum-derived
Polymeric Carbon Dots (MGCDs) Samples in Different Suspension Solutions

Sample Zeta potential (mV) Hydrodynamic size (nm)
+SD + SD (nm)
DI water SBB PBS DMEM DI water SBB PBS DMEM
(MGCDs) | 29+09 | 30+0.8 | 28+9 | 23+0.8 90+2 86+3 89+3 | 135+4

DPPH radical activity

The DPPH scavenging capability of MGCDS was measured along with ascorbic
acid (Ac) control. It seems that the DPPH scavenging capability of MGCDS was dosage
dependent, with the highest inhibition occurring 85.03 + 0.58 % at 0.9 mg/mL
concentration. From the results in Fig. 6, it could be inferred that MGCDS show good
scavenging potential, and they could possibly be used as radical inhibitors. Previously
reports have shown the different inhibition patterns for carbon dots as they may differ in
composition, luminescent properties and size.
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Fig. 6. DPPH radical scavenging activity of MGCDS and ascorbic acid

The DPPH scavenging ability of dots CDP prepared from curcumin showed a
scavenging ability of 56% at 50 pg/mL concentrations (Pal et al. 2018). Another report
highlights the preparation of carbon dots CQDs from bio-waste peels which showed the
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scavenging potential of 23.3% at 5 mg/mL concentration (Rajamanikandan et al. 2022).
Further, in the literature, ascorbic acid often exhibits higher DPPH radical scavenging
activity than carbon dots (CDs) due to its direct electron donation mechanism, whereas
CDs rely on surface functional groups for indirect radical neutralization. Ascorbic acid has
a well-defined redox potential, enabling rapid radical quenching, while CDs exhibit slower
electron transfer due to their size, surface charge, and functional group interactions .
However, CDs offer long-term antioxidant stability and can be enhanced through surface
modifications. This trend is consistent with previous studies, supporting the observed
behavior in our results.

Antimicrobial activity

The antibacterial activity of prepared moringa gum carbon dots (MGCDS) was
tested against the two bacterial strains at (20 mg/mL); 100 uL of the solution was loaded
in the well against each strain to test the antibacterial potential of the luminescent carbon
dots (Fig. 7). The ciprofloxacin disks 5ug (CT052B) from ThermoFisher were used as
positive control. The MGCDS show good antibacterial activities against the tested strains
(Table 1). The moringa based carbon dots showed more activity against B. subtilis with
zone of inhibition 17.66 £ 0.57 mm as compared to S. aureus with a zone of inhibition 15.5
+ 0.5. In comparison the (ZOIl) of pure moringa gum against the S. aureus was 13 mm at
40 mg/mL, with details listed in Table.2.

Fig. 7. (a) Antibacterial activity of MGCDS and ciprofloxacin as control against B. subitilis (b)
Antibacterial activity of MGCDS and ciprofloxacin against S. aureus

Table 2. Inhibition Zones of MGCDS and Ciprofloxacin

Sample Zone of Inhibition (mm £ SD)

B. subtilis S. aureus
MGCDS (20 mg/mL) 17.66 £ 0.57 155+0.5
Ciprofloxacin (10 pg/disk) 26.33 £ 0.57 26.83+1.44

The novelty of this work is also defined from highlights of MGCDs synthesized via
a microwave irradiation technique, as shown in Table 3, which is faster and more eco-
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friendly than conventional hydrothermal and pyrolysis methods. Compared to bio-waste-
derived carbon dots, MGCDs were found to exhibit high zeta potential, indicating better
colloidal stability, and their bioactive nature makes them suitable for biomedical
applications. Furthermore, while many bio-waste-derived CDs suffer from poor quantum
yield and stability, MGCDs demonstrated superior performance in biocompatibility and
surface charge, making them more promising for biological and environmental
applications.

Table 3. Comparison of Moringa Gum-Derived Carbon Dots (MGCDs) with Bio-
Waste-Based Nanomaterials

Precursor | Synthesis Size | Zeta Fluorescence | Key Features Reference
Method (nm) | Potential | Quantum
(mV) Yield (%)
Microwave
Irradiation Bioactive, High
Moringa (Rapid, Eco- 90 + Stability, Current
Gum Friendly) 2 29+0.9 20 Biocompatible Work
(Prasannan
Orange Low-cost, Non- and Imae
Peels Hydrothermal | 5-10 | -12 12 toxic 2013)
High
Banana Fluorescence, (Atchudan
Peels Hydrothermal | 3-8 | -18 10 Poor Stability et al. 2021)
Sustainable,
Requires High (Ghosal et
Rice Husk | Pyrolysis 8-12 | -25 15 Energy al. 2022)
Biodegradable,
Corn Moderate (Mary et al.
Starch Microwave 7-11 | 20 25 Stability 2022)

CONCLUSIONS

1.

In this study, moringa gum-derived polymeric carbon dots (MGCDs) were successfully
synthesized using a rapid, eco-friendly microwave irradiation technique. The MGCDs
exhibited strong green fluorescence, excitation-dependent photoluminescence, and a
UV-Vis absorption peak at ~290 nm, confirming their optical properties. The
synthesized MGCDs demonstrated excellent antioxidant activity, achieving 87%
DPPH scavenging efficiency at 0.9 mg/mL, comparable to ascorbic acid. Zeta potential
analysis confirmed high colloidal stability, with values ranging from 23 £ 0.8 mV to
30 £ 0.8 mV, while hydrodynamic sizes varied between 86 = 3 nm and 135 £ 4 nm
depending on the suspension medium.

Structural characterization through X-ray diffraction (XRD) indicated an amorphous
carbon nature, while thermogravimetric analysis (TGA) confirmed high thermal
stability. The antibacterial activity of MGCDs was demonstrated against
Staphylococcus aureus and Bacillus subtilis, with inhibition zones of 15.5 £ 0.5 mm
and 17.66 £ 0.57 mm, respectively, at 40 mg/mL concentration. These results highlight
the potential of MGCDs as cost-effective, multifunctional nanomaterials with
applications in bioimaging, antimicrobial technologies, and fluorescent materials. The
high stability, ease of synthesis, and strong bioactivity make MGCDs a promising
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candidate for further biomedical and industrial applications.
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