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Abstract

This study explores the synthesis, characterization, and bio-functional potential of carbon dots (CDs) derived from Ama-
ranthus tricolor (AT-CDs). Phytochemical analysis confirmed the presence of bioactive compounds while quantitative
assays revealed a TPC of 157.2+8 mg TAE/g extract and TFC of 457.4 £ 38 mg quercetin/g extract. AT-CDs exhibited a
characteristic UV-Vis absorption peak at 317 nm, with fluorescence spectra showing excitation-dependent emission.
FTIR analysis identified presence of key functional groups like —-OH, -C=0, and —CN, corroborating the bioactive surface
chemistry. DLS indicated a Z-average particle size of 214.4 nm, while zeta potential measurements (67.7 mV) confirmed
high colloidal stability. TEM analysis revealed a uniform size distribution with a mean particle size of 3.2+ 0.02 nm. Anti-
oxidant assays demonstrated ICs, values of 67.36 ug mL™" for DPPH and 360.65 pug mL™' for H,0, scavenging, reflecting
concentration-dependent radical neutralization. Coagulation assays showed a significant prolongation of prothrombin
time (55 s) and activated partial thromboplastin time (58 s) at 200 ug mL™", highlighting anticoagulant potential. These
findings suggest that AT-CDs, with their multifunctional properties and bioactivity, are promising candidates for biomedi-
cal applications, particularly in oxidative stress management, drug delivery, and haemostasis modulation.
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Article highlights

e GCMS revealed methyl 5-methyl-2-thienyl ketone, 2-heptyltetrahydrofuran, squalene, octacosane in plant extract.
e First report of CDs synthesis using Amaranthus tricolor.
e AT-CDs act as strong anticoagulation agent.
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1 Introduction

Nanotechnology is a cross-disciplinary and transformative field that has revolutionized science and technology by offer-
ing innovative solutions across various domains, including medicine, agriculture, energy, and environmental remedia-
tion [1]. This dynamically evolving paradigm allows the alteration of materials at nanoscale dimensions, bridging the
gap between physics, chemistry, biology, and materials science [2, 3]. One of the simplest and most effective method
is the green synthesis approach, which has been extensively studied by researchers and proven to be reliable [4]. For
instance, green synthesized nanocomposites have shown great potential in water purification, pollutant degradation, and
antibacterial activity [5]. Reduced graphene oxide and metal oxide-based nanomaterials offer efficient electrochemical
sensing of heavy metals and photocatalytic dye degradation [6]. Carbon-based and doped metal oxide nanocomposites
exhibit photocatalytic and antibacterial properties, making them effective against pollutants and microbes [7]. Bimetal-
lic nanocomposites further enhance antimicrobial activity and heavy metal removal, highlighting the significance of
biologically synthesized nanomaterials in sustainable environmental solutions [8, 9].
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The synthesis of carbon dots, renowned for their excellent fluorescence, biocompatibility, and low toxicity, which
makes them ideal for applications in bioimaging, drug delivery, sensors, photocatalysis and ecosystem monitor-
ing, has evolved over the years since its first synthesis in 2004 [10, 11]. Numerous methods are being developed to
control their size, morphology, and functionalization [12] [13]. Of these, the technique of using microwave oven
has emerged as a versatile, efficient, and eco-friendly approach for producing carbon dots [14]. In this method,
microwave irradiation induces localized, rapid and uniform heating, thereby streamlining the conversion of organic
precursors into CDs in a matter of minutes [15, 16]. The usage of plant-derived precursors in this process offers an
option for sustainable production of CDs, where the use of hazardous chemicals is avoided and bio-functional prop-
erties are imparted to the resulting CDs [17-20]. CDs have been synthesized using various green approaches, which
shows diverse applications ranging from bioimaging to antioxidant and antibacterial activities, thereby expanding
the biomedical scope of plant-based CDs. Some of plant sources used for the synthesis of CDs are listed in Table 1.

Amaranthus tricolor L., commonly known as Joseph'’s coat or edible amaranth, has proven in several instances its
varied importance in medicine [34]. It is a leafy vegetable widely used as a traditional practice in various cultures
to treat ailments such as anaemia, gastrointestinal issues, and skin disorders [35-37]. This herbaceous annual plant
of the Amaranthaceae family is characterized by its vibrant colours, attributed to its high content of bioactive
pigments such as betalains and anthocyanins [38]. A. tricolor is a rich source of antioxidants, flavonoids, phenolic
acids, vitamins, essential minerals, and are associated with innumerable medicinal benefits, including anti-cancer,
antithrombotic, antimicrobial, and anti-inflammatory abilities [39-42]. Due to these several benefits and easy avail-
ability, A. tricolor serves as a viable precursor for CDs’ synthesis.

Thromboembolic disorders, including deep vein thrombosis (DVT), pulmonary embolism, and ischemic stroke,
are life-threatening conditions caused by abnormal blood clot formation and impaired vascular function [43].
These disorders are closely linked to oxidative stress, hemolysis, and coagulation imbalances, which contribute to
endothelial dysfunction and thrombogenesis [44, 45]. Hemolysis, the breakdown of red blood cells, releases free
hemoglobin and iron, leading to oxidative damage that exacerbates inflammation and vascular injury [46]. Oxida-
tive stress, a key factor in thrombus formation, promotes platelet aggregation and disrupts normal blood flow,
increasing the risk of embolic events [47]. Moreover, an imbalance in the coagulation cascade can lead to either
excessive clotting or bleeding complications, making anticoagulant therapy a critical aspect of thromboembolic
disease management [48, 49]. Earlier studies have shown the usage of green synthesized nanoparticles to study
their hemocompatibility, antioxidant, antimicrobial and anti-inflammatory properties [50]. CDs synthesized from
cassava pulps aid in metal sensing, antioxidants, and mercury detoxification [51]. Traditional Chinese Medicine
(the dried pollen of Typha angustifolia L., dry rhizome node of Nelumbo nucifera Gaerth., dry rhizome node of Cir-
sium japonicum Fisch ex DC., and healthy human hair) derived CDs show hemostatic effects [52]. Investigating the
hemolytic, antioxidant, and anticoagulant properties of bioactive compounds could provide potential therapeutic
strategies for preventing and managing these disorders, thereby reducing the risk of severe cardiovascular events.

This study underscores the synthesis of CDs derived from A. tricolor (AT-CDs) using a microwave-assisted approach
and marks the pioneer synthesis CDs from this plant. The plant extract has been tested for the presence of bioactive
compounds and the phytochemical content has also been discussed. AT-CDs were thoroughly characterized using
various techniques, including UV-visible spectroscopy, fluorescence analysis, FTIR, DLS, and HRTEM, to determine
their structural and functional properties. Biological assays including the likes of antioxidant assays and coagula-
tion assays have been performed to give a better understanding of this flora-based CDs. This proof-of-concept
study provides the need of the growing relevance of natural products in advanced nanomaterials and their future
possibilities of further researches.

2 Methodological approach
2.1 Leafextract of Amaranthus tricolor Linn.

The raw leaves of Amaranthus tricolor L., sourced from a local market in Dharwad, Karnataka (15°27'37.17"N, 75° 0’
51.19" E), were washed with distilled water, microwave-dried (1-2 min), and ground into powder. In a water bath,
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the powdered leaves were used to decoct in distilled water (1:10) for 1 h at 65 °C. The resulting extract underwent
filtration via muslin cloth and Whatman grade-I paper, then stored at 15 °C [53].

2.2 Phytochemical profiling
2.2.1 Qualitative analysis of phytochemicals

Phytochemical screening of the extract was conducted to determine the presence of various compounds, as outlined in
Table 2, using methods from previous studies [54].

2.2.2 Quantitative analysis of phytochemicals

2.2.2.1 Determination of total phenolic content (TPC) TPC was quantified using the Folin-Ciocalteu method with minor
modifications, where, 10% (v/v) Folin-Ciocalteu reagent (2.5 mL) was added to the sample (0.5 mL) and vortexed for
5 min. Potassium iodide (KI) and 7.5% sodium carbonate (0.5 in 2 mL) were introduced, and the mixture was incubated at
ambient temperature for 30 min. Absorbance was recorded at 765 nm. A standard calibration curve was prepared using
tannic acid solutions (20-100 pg in 2 mL). TPC was expressed in terms of tannic acid equivalents [55].

2.2.2.2 Determination of total flavonoid content (TFC) TFC was determined using a boric acid and oxalic acid-based
method. 1 mL of the sample was mixed with 1 mL of 0.1 M boric acid and 1 mL of 0.1 M oxalic acid. The same reagents
were used to prepare quercetin standards (20-100 pg mL™") for the calibration curve. The mixture was incubated at room
temperature for 15 min to allow complex formation. The measurement of the absorbance at 230 nm, with ethanol and
the acids as a reference blank, was followed by TFC calculation from the calibration curve [56].

Table 2 Phytochemical tests

Phytochemical Tests Results

of the presence of bioactive ‘

compounds 1. Test for Alkaloids Absent
+Wagner's test Absent
« Hager’s test
2. Test for Flavonoids Absent
- Shinoda test Present
« Alkaline reagent test
3. Test for Saponins Present
« Frothing test
4.Test for Carbohydrates Present
« Molisch’s test Present
« Fehling’s test
5. Test for Phenolic Compounds Present
« Ferric chloride test Present
- Lead acetate test
6. Test for Tannins Present
« Ferric chloride test Present
« Lead acetate test
7.Test for Proteins Absent
« Biuret test
8. Test for Amino acids Present
+ Ninhydrin test
9. Test for Terpenoids Present
« Salkowski test
10. Test for Glycosides Present
+ Modified Borntrager’s test Present

- Keller Kiliani test
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2.3 Carbon dots synthesis and characterization using the leaves of A. tricolor

A microwave-assisted pyrolysis method was used to synthesize AT-CDs from the aqueous extract of the leaves of A. tricolor.
15 mL of the plant extract was transferred into a microwave-safe glass container (250 mL borosilicate conical flask) and irra-
diated at 800 W for 3 to 5 min using a household microwave oven (IFB 20PM-MEC2). The high energy from the microwaves
induced rapid heating, leading to the thermal decomposition of organic molecules and the formation of carbon dots. After the
reaction, the sample was allowed to cool to room temperature before being centrifuged at 13,000 rpm for 10 min to remove
larger particles and impurities. The supernatant containing the synthesized AT-CDs was then filtered through a 0.22 ym syringe
filter to further purify the sample. The final product was stored at 4 °C for subsequent analysis and applications.
Comprehensive physico-chemical characterization was performed to determine the optical, structural, and surface prop-
erties of AT-CDs. UV-visible spectra were recorded using a JASCO UV-VIS-NIR V-670 spectrophotometer (200-800 nm) with
distilled water as the reference. Fluorescence properties were quantitatively assessed with a Hitachi F-7000 fluorescence spec-
trophotometer. The presence of surface functional groups were able to detect using a Nicolet iS10 FTIR spectrophotometer
(400-4000 cm™). High-resolution transmission electron microscopy (HR-TEM) using a JEOL JEM-2100 Plus (120 kV) revealed the
size, shape, and nano structural features of AT-CDs. Zeta potential and size distribution were measured using a Horiba SZ-100
DLS system under optimized conditions of 25 °C, 90° scattering angle, and 0.895 mPa:-s viscosity, ensuring colloidal stability.

2.4 Evaluation of Antioxidant Activity of plant extract and AT-CDs

The antioxidant potential of plant extract and AT-CDs was assessed through hydrogen peroxide (H,0,) scavenging and DPPH
radical scavenging assays. Stock solutions of dried aqueous plant extract, AT-CDs and the standard antioxidant ascorbic acid
were prepared in phosphate buffer (1 mg mL™") and diluted to concentrations ranging from 100 to 600 ug mL™". Experiments
were conducted in triplicate, and the antioxidant activity was expressed as radical scavenging activity (RSA) using the formula:

_ Ab (Control) — Ab (Test)

RSA(%) = 100
(%) Ab (Control) X

where Ab (Control) denotes the absorbance of the control, and Ab (Test) represents the absorbance of the test sample.
2.4.1 Hydrogen peroxide scavenging assay

To prepare the phosphate buffer (pH 7), 13.418 g of sodium phosphate dibasic dihydrate and 2.951 g of sodium phosphate
monobasic anhydrous were dissolved in 1000 mL of distilled water. A fresh 40 mM H,0, solution was prepared by diluting
0.408 mL of 30% hydrogen peroxide in 100 mL of phosphate buffer (pH 7.4) and stored in a dark amber flask. For the assay,
1.2 mL of the H,0, solution was mixed with 0.8 mL of plant extract (AT-CDs in case of CDs) solutions at concentrations rang-
ing from 100 to 600 pug mL™". The reaction mixture was incubated at room temperature for 10 min, and its absorbance was
recorded at 230 nm using a blank solution (phosphate buffer without H,0,) as the reference [57].

2.4.2 DPPH radical scavenging assay

A 0.2 mM DPPH solution was prepared by dissolving DPPH in methanol. For the assay, 1 mL of the DPPH solution was mixed
with 0.5 mL of plant extract (AT-CDs in case of CDs) solutions at concentrations ranging from 20 to 120 ug mL™" and incubated
in the dark for 30 min to allow interaction between AT-CDs and DPPH free radicals. After incubation, the absorbance of the
samples was measured at 517 nm, corresponding to the characteristic absorption peak of DPPH. The decrease in absorbance
at 517 nm was used to calculate the RSA of AT-CDs, demonstrating their free radical scavenging activity [58].

2.5 Coagulation assays

In addition to the antioxidant activity, the potential therapeutic role of AT-CDs was further explored through their effects
on blood coagulation, an essential aspect in the management of CVDs. The impact of AT-CDs on clotting times was
investigated through prothrombin time (PT) and activated partial thromboplastin time (aPTT) assays using human
blood samples. Karnataka Institute for DNA Research, Dharwad provided the ethical approval bearing IEC Ref No.
KIDNAR/B[41/2018-2019.
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2.5.1 The prothrombin time (PT)

To perform this test, a thromboplastin reagent substitute (extracted from chicken liver in our case), usually containing
tissue factor, is prewarmed, and a calcium chloride (CaCl,) solution is prepared. Blood is collected in a citrate tube that
prevents clotting and then centrifuged to separate plasma. During the process, a mixture of 100 pL of plasma and 100
uL of thromboplastin reagent is incubated at 37 °C for 2-3 min. Following this, 100 pL of CaCl, is added to trigger the
clotting process, and the time taken for clot formation is measured.

2.5.2 Activated partial thromboplastin time (aPTT)

The plasma sample is first combined with an activated partial thromboplastin time (aPTT) reagent, which contains a
platelet substitute such as phospholipid (either cephalin or lecithin) and a particulate activator, typically kaolin light.
These components are essential for mimicking the role of platelets in the coagulation cascade, allowing for the assess-
ment of intrinsic pathway function. The mixture is then incubated at 37 °C for a period of approximately 180 to 240 s,
during which time the activation of the coagulation factors takes place. Following this incubation period, calcium chloride
(CaCl,) is added to the mixture, which is crucial for the activation of factor X, initiating the final stages of the clotting
process. The time required for the formation of a stable, visible clot is then carefully measured and recorded. This clotting
time, or the aPTT value, provides a quantitative measure of the plasma’s ability to coagulate, reflecting the efficiency
and integrity of the intrinsic and common coagulation pathways. This procedure is commonly used to evaluate clotting
disorders and monitor anticoagulant therapy.

2.6 Hemolytic assay

Human whole blood was used to perform the hemolytic assay. The sample was collected in a heparin vacutainer and
centrifuged for 15 min (1000 x g; 4 °C), ensuring the separation of plasma and the buffy coat. The isolated red blood cells
(RBCs) were resuspended after washing thrice with phosphate buffer saline (PBS). A 500 pL aliquot of 30% RBC suspension
along with 100 pL of varying concentrations of AT-CDs i.e. 2, 20, 200, 500 and 1000 ug mL™" was incubated for 30 min at
37 °C. The prepared samples underwent centrifugation at 1000 x g post incubation. The supernatant thus obtained was
used to measure the absorbance at 620 nm. RBCs treated with 10% DNA lysis buffer and PBS were taken as the positive
and negative control respectively. The percentage hemolysis was calculated using the formula:

Absorban Cerest — A bsorban Cenegative control

Percentage hemolysis = x 100

Absorbance — Absorbance

positive control negative control

2.7 Statistical approach

For statistical evaluation, triplicate data were analysed using one-way ANOVA followed by Tukey’s HSD test for post-hoc
analysis, with all calculations performed using GraphPad Prism 10.1.0. The one-way ANOVA was used to assess overall
group differences, while Tukey’s test allowed for pairwise comparisons between groups. The significance level was set at
p<0.05,and results are presented as mean £ SD. Statistical significance was considered based on the F values obtained,
and the data provide a comprehensive view of the variations observed across the experimental groups. The effect sizes,
confidence intervals, and precise p-values are included in Table S2.

3 Results and discussion

3.1 Phytochemical profiling: qualitative and quantitative

Phytochemical analysis of A. tricolor plant extract confirmed the presence of flavonoids, saponins, carbohydrates,
phenolic compounds, tannins, amino acids, terpenoids, and glycosides, highlighting the bioactive nature of the

material, which corresponds to the earlier studies (Table 2) [59]. Flavonoids and phenolic compounds are well-known
antioxidants, capable of scavenging free radicals and protecting cells from oxidative damage [60, 61]. This suggests
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Table 3 Total phenolic,
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that A. tricolor could be highly effective in mitigating oxidative stress-related disorders, making them promising
candidates for applications in pharmaceuticals, nutraceuticals, and skincare products [17, 62, 63]. The antioxidant-
rich profile may also enhance the biocompatibility and stability of A. tricolor, improving their usability in bioimaging,
drug delivery, and other biomedical applications. In a study conducted by Tejwan et. al., water-soluble CDs were
synthesized from red Korean ginseng root extract via microwave irradiation, which has demonstrated excitation-
dependent fluorescence, efficient drug loading and release (12.7%), free radical scavenging activity, low toxicity,
and antibacterial effects [64].

Compounds like tannins and terpenoids are associated with antimicrobial, anti-inflammatory, and anticancer
properties [65]. Saponins, known for their surfactant-like properties, may contribute to the stabilization of colloidal
suspensions, further aiding the dispersion and solubility of the A. tricolor in aqueous systems [66]. Glycosides and
amino acids provide additional chemical diversity, allowing the functionalization of the carbon dot surface for tar-
geted interactions with biomolecules [67]. The total phenolic and flavonoid contents obtained were 157.2+8 mg
TAE/g extract and 457.4 + 38 mg Quercetin/g extract respectively as mentioned in Table 3. Also, it has been repre-
sented graphically in Fig. 1.

The GC-MS analysis of the aqueous extract identified 42 unique compounds from a total of 67 hits (Figure S1 and
Table S1), of which the most abundant phytochemicals with medicinal uses being methyl 5-methyl-2-thienyl ketone,
2-heptyltetrahydrofuran, squalene, juvibione, n-octacosane, and n-heptadecanol (Table 4). Squalene possesses car-
dioprotective, antioxidant, anti-inflammatory, cholesterol control, anticancer and detoxification properties [68]. Octa-
cosane exhibits antibacterial, antitumor, antioxidant and wound-healing potential [69]. Heptadecanol is known for its
antimicrobial and anti-inflammatory properties [70]. Although the exact medicinal use of methyl 5-methyl-2-thienyl
ketone is unclear, it can serve as a scaffold for drugs with anti-inflammatory, analgesic, and antipyretic properties
[71]. 2-Heptyltetrahydrofuran is an organic solvent whose medicinal properties are not fully studied but is considered
non-toxic [72]. Juvibione acts as an insect growth and development regulator and can be used as a pesticide [73].

3.2 Physico-chemical characteristics of AT-CDs

The synthesized AT-CDs exhibited a characteristic UV-Vis absorption spectrum with a prominent peak at 317 nm (Fig. 2a),
corresponding to an absorbance of approximately 0.5. This distinct absorption peak is indicative of the unique electronic
transitions within the AT-CDs, which are influenced by the functional groups and bonding interactions on their surface
[74]. The absorption at 317 nm can be attributed to the n-m* electronic transitions. These transitions typically arise from
the presence of oxygen-containing functional groups, such as carbonyl (-C=0) or carboxyl (-COOH) groups, commonly
found on the surface of carbon dots synthesized from plant-derived precursors. The n-n* transitions occur due to the
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Table 4 Major phytochemicals with medicinal uses present in aqueous extract of A. tricolor leaves

Compound Area% Similarity Medicinal properties

Methyl 5-methyl-2-thienyl ketone 46.7 68 Scaffold for antioxidant, anti-inflammatory and analgesic drugs

2-Heptyltetrahydrofuran 30.13 86 Green solvent

Squalene 343 95 Anti-inflammatory, antioxidant, improves lipid metabolism,
reduces LDL, cardioprotective, anticancer

Juvibione 0.83 92 Pesticide

n-Octacosane 0.68 90 Antibacterial, antitumor, antioxidant and wound-healing poten-
tial

n-Heptadecanol 0.26 20 Antimicrobial and anti-inflammatory properties

excitation of non-bonding electrons (n) on oxygen atoms to anti-bonding m* molecular orbitals. This finding aligns with
previous studies on carbon dots derived from natural precursors, where oxygen-rich functional groups dominate their
surface chemistry [75]. The UV-Vis profile may also include contributions from m-m* transitions, which are characteristic of
conjugated aromatic domains within the carbon core. A previous study highlighted the efficiency of CDs as photocatalysts
for degrading organic dyes, with their light absorption and charge separation capabilities arising from the synergistic
interplay of graphitic sp? domains and amorphous sp® regions [76]. The fluorescence spectra of the AT-CDs, observed at
excitation wavelengths of 320, 340, 360, and 380 nm, demonstrated excitation-dependent emission intensities (maximum
at 465 nm when excited at 360 nm)(Fig. 2b). This behaviour suggests the presence of diverse surface states and emissive
traps, characteristic of the heterogeneous structure of the CDs.

The FTIR spectrum of the synthesized AT-CDs and the leaf extract exhibited similar functional groups, with slight
variations in peak positions (Fig. 2c). The broad O-H stretching peak appeared at 3301 cm™ in AT-CDs, slightly shifted
from 3236 cm™ in the leaf extract. The C-H asymmetric stretching of sp>-hybridized bonds was observed at 2921 cm™
in AT-CDs, which was absent or less prominent in the leaf extract. The carbonyl (C=0) or aromatic C=C stretching
vibration appeared at 1615 cm™' in AT-CDs, closely matching the 1613 cm™ peak in the leaf extract. The —-CH bending
vibration, likely from methyl or methylene groups, was recorded at 1398 cm™' in AT-CDs, comparable to 1405 cm™" in
the leaf extract. The phenolic O-H bending vibration at 1336 cm™" in AT-CDs corresponded to 1322 cm™' in the leaf
extract. The C-0 stretching vibrations, associated with alcohols, ethers, or esters, appeared at 1057 cm™'in AT-CDs,

Fig.2 a UV-Visible absorption
spectrum of AT-CDs, show-
ing a characteristic peak at
317 nm; b fluorescence emis- 254
sion spectra, illustrating the
fluorescence intensities; and ¢
FTIR spectrum, confirming the
presence of functional groups
through specific characteristic
peaks 0.5 50

a) b) |
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2504
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slightly shifted from 1047 cm™" in the leaf extract, which also exhibited additional peaks at 1269 cm™ and 1023 cm™.
These similarities suggest the successful incorporation of phytochemicals from the extract into the synthesized AT-
CDs while maintaining key functional groups. It can be inferred that the surface of AT-CDs contain hydroxyl (-OH),
carboxyl (-COOH), carbonyl (C=0), alkyl (-CH, -CH,, -CHjs), phenolic (-OH), ester (-COOR), and ether (-C-0-C)
groups. This study corresponds to other earlier study done by Yalshetti et. al., showing various observations of the
peaks present [24].

Dynamic Light Scattering (DLS) analysis of the synthesized AT-CDs revealed a Z-average particle size of 214.4 nm
with a polydispersity index (PDI) of 0.888, indicating a relatively broad size distribution (Fig. 3b). The high PDI suggests
the presence of a heterogeneous population of particles, which may arise from variations in the synthesis process or
agglomeration. The zeta potential signified a highly stable colloidal system with a surface charge of 67.7 mV (Fig. 3a).
The positive surface charge indicated by the high zeta potential value suggests the presence of cationic functional
groups or adsorbed ions, contributing to electrostatic stabilization and preventing aggregation in suspension. These
findings align with the functional group analysis and highlight the stability and dispersibility of the AT-CDs in aque-
ous media. Bhavi et. al., in their study, revealed a particle with moderate stability and reliable particle size, which
corresponds with the result obtained [77].

The TEM analysis of AT-CDs at varying magnifications (50 nm, 20 nm and 10 nm) revealed their uniform nanoscale
morphology and well-dispersed structure (Fig. 4a, b and c), with a Gaussian distribution curve which indicates a
mean particle size of 3.2+ 0.02 nm (Fig. 4d). This narrow size distribution indicates a high degree of homogeneity in
the AT-CDs, which is crucial for their consistent physicochemical properties.

Further structural insights were obtained through high-resolution TEM (HR-TEM), which displayed clear lattice
fringes, indicative of the crystalline domains within the AT-CDs. The measured lattice spacing, as determined from
the Fast Fourier Transform (FFT) plot inset, was 0.28 nm (Fig. 5), corresponding to the (002) plane of graphitic carbon.
This structural feature reflects the hybrid composition of graphitic sp? and amorphous sp? regions within the AT-
CDs. The well-defined d-spacing highlights the graphitic domains that is essential for enhancing charge transport
and stability [78]. The strong fluorescence, stability, and surface functional groups of AT-CDs can make them ideal
candidates for biosensing, where they can act as fluorescence probes for detecting biomolecules, metal ions, or pH
variations. Moreover, their redox-active functional groups and high zeta potential facilitate interactions with various
analytes, enabling environmental monitoring applications such as detecting pollutants, heavy metals, or reactive
oxygen species (ROS) [79]. In bioimaging, their tunable emission and biocompatibility (discussed in later sections)
should allow for cellular tracking and diagnostic imaging without significant cytotoxicity [12].

3.3 Antioxidant activity of AT-CDs

The antioxidant activities of AT-CDs, plant extract, and vitamin C (standard) were evaluated using DPPH and H,0,
scavenging assays (Fig. 6). The H,0, scavenging assay revealed a concentration-dependent increase in activity, with
vitamin C (90.82%) showing the highest scavenging at 500 pg mL™', followed by AT-CDs (77.17%) and the plant
extract (69.58%). The IG5, values of vitamin C (282.24 ug mL™"), AT-CDs (334.75 Hg mL™"), and the plant extract
(372.54 pg mL™") indicate that AT-CDs exhibit moderate peroxide-neutralizing capacity, likely due to electron transfer
mechanisms facilitating H,0, reduction. The H,0, scavenging capability of AT-CDs were lesser than those of CDs
synthesized using Centella asiatica [28].
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In the DPPH assay, a similar trend was observed, where radical scavenging increased with concentration. AT-
CDs (87.05%) showed the highest activity at 100 pg mL™", surpassing vitamin C (78.24%) and the plant extract
(75.25%). The lower ICs, value of AT-CDs (51.46 pg mL™") compared to vitamin C (65.49 ug mL™") and the plant
extract (67.66 ug mL™") suggests a stronger ability to donate electrons or hydrogen atoms, effectively neutralizing
free radicals. Moreover, when compared to Centella asiatica derived CDs that exhibit an IC;, of 165.28 g mL~", AT-CDs
scavenged DPPH more efficiently [28].

These findings highlight the superior DPPH scavenging efficiency of AT-CDs, while their H,0, scavenging abil-
ity remains comparable to standard antioxidants. The antioxidant capabilities of A. tricolor aqueous extract can be
ascribed to the presence of antioxidant bioactive compounds such as squalene, octacosane and heptadecanol as
found through GC-MS. In the case of AT-CDs, the hydroxyl, carboxyl, and phenolic groups can donate hydrogen atoms
to neutralize free radicals, while the carbonyl and ether groups can participate in electron donation to stabilize reac-
tive oxygen species [80]. This process may give rise to radicals on the CDs, which can be stabilized by alterations in
surface chemical bonding or by electron delocalization in the aromatic domain of the CDs' core [81].

3.4 Coagulation assays

The coagulation assays, specifically prothrombin time (PT) and activated partial thromboplastin time (aPTT), were
performed to assess the effects of various sample concentrations on blood clotting (Fig. 7). The control group, with a
PT of 24 s and aPTT of 44 s, provided baseline coagulation times, reflecting normal clotting function. Upon treatment
with 200 ug mL™" of the test sample, a significant prolongation of both PT (55 s) and aPTT (58 s) was observed, indicat-
ing a notable effect on coagulation pathways. This suggests that the higher concentration of the sample interferes
with either the extrinsic or intrinsic coagulation mechanisms, potentially through antioxidant modulation or other
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biochemical interactions. As the sample concentration decreased, the PT and aPTT values gradually returned to
control-like levels, though still slightly prolonged, with 20 pg mL™" and 2 pg mL™" concentrations showing PT values
of 43 s and 26 s, respectively, and aPTT values of 49 s and 42 s. Antioxidants are known to influence the coagulation
cascade by interacting with oxidative stress pathways that can affect clotting factor activation [82]. These findings
reflect the dose-dependent effects of the sample on coagulation, which may be attributed to its bioactive com-
pounds, potentially derived from its antioxidant properties [83].

Compared to previous studies on nanomaterials, our findings align with reports that nanoparticles can inter-
act with coagulation proteins and modulate clotting pathways. In a study, green synthesized galbanic acid silver
nanoparticles (GA-AgNPs) did not significantly alter PT and aPTT values, maintaining them within normal physi-
ological levels (PT: 9.4-12.5 s; aPTT: 25.1-36.5 s), which suggests their safety for clinical applications [84]. Similarly,
Isoimperatorin-mediated green-synthesized silver nanoparticles at concentrations ranging from 50 to 400 pg mL™"
exhibited no change in PT and aPTT, that again confirms the minimal impact in the coagulation pathways [85]. How-
ever, in an earlier study, Achillea wilhelmsii C. Koch synthesized silver nanoparticles at concentrations (0.5-1 mg mL™")
significantly prolonged clotting time up to 3 min, which is an indication of its strong anticoagulant properties [86].

3.5 Hemolysis assay

The hemolytic assay revealed minimal RBC lysis across all tested concentrations, indicating the biocompatibility of
the samples (Fig. 8). Hemolysis remained low, with 0.14% at 2 ug mL™", gradually increasing to 0.23% at 1000 ug mL™",
demonstrating a concentration-dependent effect. Even at the highest concentration, the hemolysis percentage
remained well below the 5% safety threshold, suggesting that the samples pose no significant risk of cytotoxicity to
RBCs. This low hemolytic activity supports their potential for biomedical applications, particularly in drug delivery
and anticoagulation therapies, where hemocompatibility is essential. AT-CDs exhibit better biocompatibility when
compared to other plant based CDs such as those synthesized using Citrus limetta peels and Hibiscus rosa-sinensis
leaves [24, 87].

4 Conclusion

This study highlights the potential of AT-CDs as a biocompatible and effective anticoagulant agent with non-hemo-
lytic properties, making them suitable for biomedical applications. Their strong antioxidant activity, surface func-
tional groups, and high zeta potential suggest a role in preventing oxidative stress-related thrombotic disorders. The
findings indicate their potential use in therapeutic formulations or as anticoagulant coatings for medical devices.
However, computational studies, along with in vivo models, are essential to assess their safety, pharmacokinetics,
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efficacy, long-term stability, potential interactions within complex biological systems and clinical potential. Future
research should explore their mechanism of action at the molecular level, optimize their formulation for clinical use,
and assess their broader biomedical applications, including targeted drug delivery and real-time blood monitoring.
Scalable synthesis, gene regulation studies, and regulatory assessments will ensure their viability for pharmaceutical
and nutraceutical use, unlocking their full biomedical potential.
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