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Carbon dots (CDs) are neoteric forms of carbon nanostructures, and play a fundamental role in early
diagnosis and controlling of neurological disorders (NDs). Aiming towards the detection of an oxidative
stress metabolite, the present study provides an innovative strategy for developing heteroatom-doped
carbon dots using tamarind as a sustainable carbon source and urea as a nitrogen dopant through
a one-step hydrothermal process. This method offers a cost-effective and eco-friendly solution without
compromising performance. The structural and functional properties of the synthesized CDs were
characterized using advanced techniques, including fluorescence spectroscopy, UV-visible spectroscopy,
Fourier transform infrared (FTIR) spectroscopy, and X-ray photoelectron spectroscopy (XPS). Antioxidant
assessments revealed remarkable free-radical scavenging activity (exceeding 80% efficiency) across three
independent methodologies. Furthermore, the CDs demonstrated exceptional sensitivity and selectivity
in detecting oxidative stress metabolites, particularly 3-nitrotyrosine, with detection efficiency influenced
by environmental pH (4.8-8.7). Biocompatibility studies using fibroblast cells confirmed their non-toxic
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Accepted 8th March 2025 nature, supporting their potential for biomedical applications. Collectively, these findings highlight the
promise of heteroatom-doped CDs as a novel platform for detecting oxidative stress metabolites

DOI: 10.1039/d5ra00274e associated with neurodegenerative diseases, bridging fundamental research with real-world diagnostic
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1. Introduction

Neurodegenerative disorders can lead to a gradual deterioration
of the nerve structures essential for normal brain functions and
are recognized as a major public health problem, particularly in
the developing world." The reason behind this neurological
disability arises due to some genetic changes induced by envi-
ronmental factors and oxidative stress.>® Oxidative stress,
defined as an imbalance between the generation of reactive
oxygen species (ROS) and antioxidant defenses, is a defining
feature of various neurodegenerative disorders, such as Alz-
heimer's disease (AD), Parkinson's disease (PD), and Hunting-
ton's disease (HD).* These disorders, frequently progressive and
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irreversible, entail the slow degradation of neurons, compro-
mising cognitive and motor skills.> The buildup of oxidative
stress metabolites, including malondialdehyde, 4-hydrox-
ynonenal, and other aldehydes, intensifies neuronal injury,
establishing a detrimental loop of cellular impairment.®
Oxidative stress is a condition characterized by an imbalance
between the production of ROS and the biological system's
ability to neutralize those using antioxidants. ROS, such as
superoxide radicals (O,”), hydrogen peroxide (H,O,), and
hydroxyl radicals ("OH), are naturally generated as byproducts
of cellular metabolism.” While ROS play critical roles in cell
signaling, immune responses, and homeostasis, excessive
accumulation leads to oxidative damage of proteins, lipids, and
DNA, contributing to various pathological conditions, including
neurodegenerative diseases.® In neurodegenerative disorders
such as Alzheimer's and Parkinson's disease, elevated ROS
levels trigger oxidative stress, promoting neuronal damage and
disease progression.” The detection of oxidative stress
biomarkers, such as 3-nitrotyrosine (3NT), is therefore crucial
for understanding disease mechanisms and developing diag-
nostic tools. Timely and precise identification of these metab-
olites is essential for comprehending illness development and
formulating treatment approaches.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In past few years, researchers have been focused on the
creation of nanotechnology system that can be implication in
a variety of medical sectors.” In this context, nanomaterials
have emerged as transformative instruments due to their
distinctive capacity to engage with biological systems at the
molecular level.""** Their nanoscale dimensions enable entry
into cellular and subcellular settings, while their adjustable
surface chemistry permits targeted interactions with
biomarkers linked to neurodegeneration.’* Among nano-
materials, CDs emerge as a suitable platform for the investiga-
tion of neurodegenerative diseases.*

Carbon dots (CDs), a category of fluorescent carbon-based
nanomaterials, have attracted considerable interest owing to
their remarkable physicochemical characteristics, such as
adjustable fluorescence, superior photostability, biocompati-
bility, and little toxicity.'"” Derived from sustainable and
economical predecessors, these nanostructures provide
a diverse substrate for various applications, especially in
sensing."™?° The nanoscale size of CDs confers a substantial
surface area, offering several reactive sites for functionalization
with certain chemical groups.*** This distinctive characteristic
improves their capacity to selectively engage with target mole-
cules, rendering CDs exceptionally efficient as sensors.**>®
Moreover, their fluorescence response is responsive to envi-
ronmental variations, including pH, redox conditions, and
particular metabolite concentrations, facilitating accurate
identification.”** The incorporation of heteroatoms, such
nitrogen, sulfur, or phosphorus, during synthesis enhances
their electronic characteristics, increasing sensitivity and
selectivity.**** As a result, heteroatom-doped carbon dots have
become strong contenders for the detection of biomolecules
and metabolites associated with oxidative stress, particularly
those involved in significant clinical disorders.**

The antioxidant characteristics of CDs, especially those
infused with heteroatoms, allow them to efficiently neutralize
ROS, hence reducing oxidative harm in biological systems.*®
The dual role of CDs, serving as both antioxidants and sensors,
establishes them as a distinctive instrument for tackling the
issues associated with neurodegenerative disorders.*” By
combining ROS-scavenging capabilities with sensitive detection
techniques, CDs can elucidate the oxidative stress environment
of sick neurons.*® For example, CDs equipped with particular
identification elements can identify oxidative stress metabo-
lites, facilitating real-time observation of their concentration
and behavior within neuronal contexts.**** These qualities are
essential for early detection and comprehension of the funda-
mental causes of neurodegeneration. Neurodegenerative
disorders represent a worldwide health issue, exacerbated by an
aging demographic that increases their frequency. Present
diagnostic instruments and treatment alternatives are con-
strained, frequently emphasizing symptomatic relief instead of
targeting underlying causes. The utilization of nanomaterials,
such as carbon dots, presents a transformative change.** Their
capacity to traverse the blood-brain barrier, engage with neural
tissue, and deliver targeted therapeutic and diagnostic activities
renders them essential for the progression of neurodegenera-
tive research.** CDs, due to their biocompatibility and
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multifunctionality, are ideally suited for brain applications.
Their fluorescent characteristics provide non-invasive imaging,
while their surface chemistry permits conjugation with targeted
ligands, thereby augmenting selectivity for sick tissue.**
Furthermore, heteroatom doping enhances their electrical and
optical characteristics while also providing catalytic activity,
crucial for the detection and neutralization of ROS. Deng et al.
offered a hypothesis to augment the antioxidant capacity of
biomass carbon dots through precursor optimization, extrac-
tion solvent selection, and various circumstances, utilizing
broccoli as the biomass source.*” This study demonstrated that
the antioxidant efficacy of CDs can be augmented by employing
solvent extracts of biomass as precursors. The resultant
biomass waste extract-derived carbon dots display attributes of
environmental sustainability, minimal toxicity, and superior
antioxidant and anti-inflammatory properties, indicating their
potential as an effective antioxidant nanomedicine for inflam-
matory treatment. The suppression of B-amyloid (AB) peptide
aggregation and the degradation of the AP fibril structure by N-
CDs were also examined.*® To construct an ideal nanoscale ROS
scavenging agent, another group of researchers has synthesized
ten varieties of biocompatible graphene quantum dots (GQDs)
enhanced with different metal dopants.*” Due to their multi-
functionality, biocompatible doped GQD antioxidants may
serve as promising options for multimodal therapies, encom-
passing the lowering of reactive oxygen species alongside
imaging and medicinal administration to cancer tumors.
Despite significant advancements in carbon dot synthesis
and their applications in biomedical sensing, there remains
a critical need for a sustainable, cost-effective, and highly
selective approach for detecting oxidative stress metabolites
linked to neurodegenerative diseases. In this study, we report
the synthesis of heteroatom-doped carbon dots (TUCDs) using
tamarind as a renewable carbon precursor and urea as
a nitrogen dopant via a one-step hydrothermal method. Tama-
rind is a highly sustainable, abundant, and cost-effective
natural resource rich in polyphenols, flavonoids, and organic
acids, which serve as excellent precursors for carbon dot
synthesis. These inherent biomolecules facilitate the formation
of graphitic structures and enhance the antioxidant properties
of the synthesized CDs. Additionally, tamarind-based CDs
exhibit superior photoluminescence, stability, and biocompat-
ibility, making them highly suitable for biomedical applica-
tions, particularly in oxidative stress detection. Furthermore,
compared to other natural carbon sources, tamarind offers
a well-balanced composition of carbonaceous and heteroatom-
rich content, making it an ideal candidate for developing
heteroatom-doped CDs with enhanced functionality. This
approach not only provides an eco-friendly alternative to
conventional synthetic methods but also enhances the antiox-
idant properties and selectivity of the CDs for biomolecular
detection. The synthesized CDs exhibit excellent free-radical
scavenging activity and demonstrate a high-affinity interaction
with 3-nitrotyrosine, a key oxidative stress biomarker, with

detection sensitivity modulated by environmental pH.
Furthermore, their non-toxic nature, confirmed through
biocompatibility studies, reinforces their suitability for
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biomedical applications. By integrating sustainability, antioxi-
dant efficiency, and selective metabolite detection, this work
presents a promising strategy for developing nanomaterials
capable of addressing challenges in neurodegenerative disease
diagnostics.

2. Materials and methods

2.1. Materials

The tamarind (Tamarindus indica) for CDs synthesis was
brought from a local supermarket. Urea and 3-nitro-L-tyrosine
(3NT; crystalline) were purchased from Sigma Germany and
used as received. Human serum, 2,2'-azinobis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 2,2-diphenyl-
1-picrylhydrazyl (DPPH) were supplied by Sigma-Aldrich (Ger-
many). The 3T3 fibroblast cell line was purchased from ATCC,
USA. Sodium hydroxide (NaOH), hydrochloric acid (HCI),
sodium chloride (NaCl), sulfuric acid (H,SO,), quinine sulfate
(QS), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were acquired from Sigma Aldrich. Dimethyl
sulfoxide (DMSO) was acquired from Himedia. All other
chemicals used were of analytical grade. All studies were con-
ducted using Milli-Q water.

2.1.1 Synthesis of tamarind and urea derived CDs (TUCDs).
Nitrogen-doped carbon dots generated from tamarind were
synthesized via a hydrothermal method, utilizing tamarind as
the principal carbon source and urea as the nitrogen dopant.
Initially, ripe tamarind pulp was extracted, meticulously
cleaned to exclude seeds and contaminants, then dried at 60 °C
until a uniform mass was attained. The desiccated tamarind
pulp was further pulverized into a paste-like texture. Approxi-
mately 5 g of tamarind pulp were combined with 20 mL of
deionized water and 1 g of urea in a beaker. The homogeneous
mixture was placed in a Teflon-lined stainless-steel autoclave
and underwent hydrothermal treatment at 180 °C for 8 h. This
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Fig. 1 Schematic representation of synthesis of TUCDs.
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technique enabled the carbonization of tamarind pulp and the
integration of nitrogen atoms from urea into the carbon struc-
ture. Upon cooling the autoclave to ambient temperature, the
resulting dark brown dispersion was collected and subjected to
centrifugation at 10000 rpm for 15 minutes to eliminate
unreacted particles and big particulates. The supernatant was
subsequently filtered via a 0.22 pm membrane filter to yield
a clear TUCD solution. The TUCDs were further purified by
dialyzing the solution in deionized water using a dialysis
membrane having a molecular weight cut-off of approximately
1000 Da for 24 h. The synthesized TUCDs demonstrated
a homogeneous size distribution, exceptional water dis-
persibility, and robust fluorescence under UV light. The char-
acteristics resulting from nitrogen doping and the presence of
several surface functional groups (including hydroxyl, carboxyl,
and amino groups) render TUCDs very appropriate for inte-
gration into biopolymer-based packaging materials for diverse
applications. Fig. 1 presents a comprehensive schematic of the
TUCDs synthesis process, encompassing the essential stages of
hydrothermal reaction, centrifugation, dialysis, and
lyophilization.

2.2. Detection of 3NT by TUCDs

The detection of 3-nitro-i-tyrosine (3NT) was performed using
the synthesized tamarind-derived nitrogen-doped carbon dots
(TUCDs). The fluorescence quenching property of the TUCDs in
the presence of 3NT was utilized for ultrasensitive and selective
detection. To begin, a stock solution of TUCDs was prepared by
dispersing the synthesized carbon dots in deionized water to
achieve a stable and homogeneous colloidal solution. Sepa-
rately, a series of standard 3NT solutions with varying concen-
trations (ranging from nanomolar to micromolar levels) were
prepared in phosphate-buffered saline (PBS, pH 7.4). In a typical
detection assay, 2 mL of the TUCD solution was mixed with 100
uL of the 3NT solution at a specific concentration. The resulting
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mixture was incubated at room temperature for 5 minutes to
allow interaction between 3NT and the TUCDs. The fluores-
cence emission spectra were then recorded using a fluorescence
spectrophotometer, with an excitation wavelength of 365 nm.
The fluorescence intensity of the TUCDs showed a significant
quenching effect in the presence of 3NT due to the formation of
a photoinduced electron transfer (PET) system between the
electron-donating TUCDs and the electron-accepting nitro
group of 3NT. To evaluate the sensitivity of the detection
method, the fluorescence quenching efficiency (F,/F) was
plotted against the concentration of 3NT, where F, and F
represent the fluorescence intensities of the TUCDs in the
absence and presence of 3NT, respectively. The detection limit
(LOD) was calculated based on the signal-to-noise ratio (S/N =
3). The method demonstrated an excellent linear response over
a wide concentration range, with a remarkably low LOD, indi-
cating the ultrasensitive nature of the detection system. For
specificity analysis, the fluorescence response of the TUCDs was
examined in the presence of other structurally similar
compounds, including tyrosine, nitrobenzene, and other
nitroaromatic compounds. The TUCDs exhibited negligible
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fluorescence changes in the presence of these interferents,
confirming the high selectivity of the system toward 3NT. To
further validate the practical application, the detection of 3NT
was conducted in human serum samples. The serum samples
were diluted with PBS and spiked with known concentrations of
3NT. The recovery rates of 3NT were calculated, and the results
demonstrated high accuracy and reliability, indicating the
potential of TUCDs for real-world biological applications.

3. Results and discussions

The synthesis of TUCDs was conducted by a hydrothermal
reaction. Tamarind pulp and urea were amalgamated as
precursor materials and underwent hydrothermal treatment at
180 °C for 8 hours. The reaction mixture was subsequently
centrifuged to exclude big particle contaminants and unreacted
precursors. The supernatant acquired post-centrifugation
underwent dialysis to purify the TUCDs and eliminate smaller
molecular contaminants. Subsequent to dialysis, the fluid was
lyophilized to yield a freeze-dried powder of TUCDs. The freeze-
dried TUCDs underwent additional analysis for structural and
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spectra of the TUCDs (d) lifetime assessment of TUCDs.
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(a) UV-visible spectrum of TUCDs in aqueous dispersion (b) fluorescence spectrum of the TUCDs (c) excitation dependent fluorescence
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functional characterisation. The hydrothermal method, along
with subsequent purification procedures, facilitated the gener-
ation of high-purity TUCDs, appropriate for prospective uses in.
The transmission electron microscopy (TEM) analysis of TUCDs
reveals their nanoscale morphology and size distribution, as
illustrated in Fig. S1.f The TEM micrograph shows well-
dispersed, nearly spherical carbon dots with an average
particle size of approximately 3 nm, as determined from the size
distribution histogram. The histogram follows a Gaussian
distribution, indicating a narrow size distribution, which is
critical for achieving uniform optical and electronic properties.
The elemental mapping images further confirm the composi-
tion of the TUCDs, highlighting the presence of carbon (C),
oxygen (0), and nitrogen (N), suggesting successful surface
functionalization or doping. The uniform dispersion of these
elements supports the formation of oxygen- and nitrogen-rich
functional groups, which can enhance the solubility, photo-
luminescence, and catalytic activity of the TUCDs.

The optical characteristics of the produced TUCDs were
assessed using UV-visible absorption spectroscopy, fluores-
cence spectroscopy, and lifetime measurements, as illustrated
in Fig. 2. The UV-visible absorption spectrum of TUCDs
(Fig. 2(a)) exhibited a significant peak at around 280 nm. The
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absorption peak is indicative of the n-m* transitions of C=0 or
C=N functional groups, possibly formed during the hydro-
thermal synthesis from the precursors.*® The results confirm
the presence of specific structural characteristics that are
essential for the optical activity of TUCDs, as demonstrated by
their UV-vis absorption behavior. The fluorescence spectrum of
TUCDs (Fig. 2(b)) under 360 nm excitation displayed
a pronounced emission peak at around 450 nm, signifying blue
fluorescence. The robust emission indicates that the TUCDs
exhibit superior photoluminescence characteristics, perhaps
attributable to the surface imperfections and functional groups
included during synthesis. To investigate the fluorescence
characteristics, excitation-dependent emission spectra of
TUCDs were obtained (Fig. 2(c)). The emission maxima transi-
tioned from 420 nm to 520 nm as the excitation wavelength rose
from 300 nm to 460 nm, signifying excitation-dependent pho-
toluminescence. This behavior is a defining trait of carbon dots
and can be ascribed to the heterogeneous nature of the particle
surface, quantum size effects, or a combination of emissive
traps.*>*® The excitation-tunable emission increases the appli-
cability of TUCDs in multicolor imaging and sensing. The
fluorescence lifetime of TUCDs was assessed to elucidate the
decay kinetics (Fig. 2(d)). The decay profile of TUCDs exhibits
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(a) FTIR spectrum of the TUCDs (b) XRD of the freeze dried TUCDs powder (c) Raman spectrum of the TUCDs.
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a multi-exponential nature, indicating the presence of multiple
emissive states on their surface. The average fluorescence life-
time, in the nanosecond range, suggests the existence of long-
lived emissive states, which is beneficial for applications such
as bioimaging, photocatalysis, and optoelectronic devices.
Optical characterization further reveals that TUCDs display
distinct UV-visible absorption features and excitation-
dependent photoluminescence. The combination of fluores-
cence properties and extended lifetime implies that TUCDs
possess a functionalized surface with emissive traps and
graphitic cores, making them highly versatile materials. These
attributes collectively highlight the potential of TUCDs for
applications in biosensing, light-emitting devices, and envi-
ronmental monitoring. The excitation-dependent emission
offers versatility for diverse wavelength-specific applications,
demonstrating the adaptability of these nanomaterials.

The structural and chemical properties of the synthesized
TUCDs were thoroughly analyzed using FTIR, XRD, and Raman
spectroscopy, as presented in Fig. 3. The FTIR spectrum
(Fig. 3(a)) reveals the presence of key functional groups that
contribute to the chemical versatility of TUCDs. The broad peak
at 3220 cm ™" corresponds to O-H or N-H stretching vibrations,
indicating the presence of hydroxyl or amine groups, which
enhance the hydrophilicity of the TUCDs.** The peak at
2919 cm ' is assigned to C-H stretching vibrations, suggesting
aliphatic hydrocarbons on the surface. A strong absorption
band at 1691 cm™ " is characteristic of C=0 stretching, likely
from carboxylic groups, while the peak at 1771 cm™*
sponds to ester or carbonyl groups, further confirming the
oxidative nature of the surface chemistry.”> Peaks at 1372 cm ™"
and 1038 cm ™" correspond to C-N and C-O stretching vibra-
tions, respectively, indicating the presence of amide and ether
functionalities. These surface functional groups, formed during
the hydrothermal synthesis, enhance the chemical reactivity
and provide active sites for interactions,* making the TUCDs
suitable for applications such as catalysis, drug delivery, and
bioimaging.**** The XRD pattern (Fig. 3(b)) confirms the
amorphous nature of the TUCDs. A broad diffraction peak
centered around 26 = 25° corresponds to the (002) plane of
graphitic carbon. The broadness of this peak suggests a low
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degree of crystallinity and the presence of disordered carbon
structures, likely due to the abundant surface functional groups
and lack of a well-ordered graphitic lattice. This amorphous
structure is a hallmark of carbon dots and is often associated
with excellent optical properties, including fluorescence.**>”*
The Raman spectrum (Fig. 3(c)) further highlights the structural
characteristics of the TUCDs. Two prominent peaks were
observed: the D-band at approximately 1350 cm™ ", which is
attributed to defects and disordered carbon in the structure,
and the G-band at around 1580 cm ™', corresponding to sp*-
hybridized graphitic carbon.? The intensity ratio of the D-band
to the G-band (Ip/I;) provides valuable insight into the struc-
tural integrity and defect density of the TUCDs. A higher Ip/Ig
ratio indicates a significant level of structural defects and
disorder, which is consistent with the amorphous nature
observed in the XRD pattern. In our study, the I/ ratio for
TUCDs was determined to be ~1.20, suggesting a high degree of
structural disorder due to nitrogen incorporation. This result is
consistent with other nitrogen-doped carbon dots reported in
the literature.®® These defects, along with the functional groups
identified in the FTIR spectrum, play a crucial role in the pho-
toluminescence properties of TUCDs, making them excitation-
dependent and highly tunable for diverse applications.

Fig. 4 displays the DLS and zeta potential studies, providing
essential information regarding the size distribution and
surface charge of the synthesized thermally treated TUCDs in an
aqueous environment. Fig. 4(a) displays the DLS spectrum,
indicating a monodisperse particle size distribution, with
a prominent peak about 100 nm, implying the presence of
uniformly dispersed carbon dots with minimal aggregation.
This uniform size distribution is crucial for ensuring consistent
physicochemical and biological properties, making TUCDs
ideal candidates for various biomedical applications, such as
drug delivery and bioimaging. Fig. 4(b) depicts the zeta poten-
tial measurement, indicating a sharp peak at approximately
+35 mV, which reflects a highly positive surface charge on the
TUCDs. This high zeta potential value demonstrates the excel-
lent colloidal stability of the particles due to electrostatic
repulsion, preventing aggregation in an aqueous environment.
Moreover, the positive charge is attributed to the successful
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(a) DLS spectrum of TUCDs in aqueous medium (b) zeta potential measurement of the TUCDs.
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incorporation of nitrogen and sulfur dopants, enhancing
surface functionalities and improving interactions with nega-
tively charged biological membranes or biomolecules. The
combination of narrow size distribution and high zeta potential
underscores the potential of TUCDs for stable dispersion in
aqueous systems and their application in targeted delivery
systems, fluorescence imaging, and biosensing. These findings
corroborate the efficient synthesis method and provide a strong
foundation for further exploration of TUCDs in advanced
functional applications.

Fig. 5 shows the XPS analysis of TUCDs, providing detailed
insights into their elemental composition and chemical states.
The XPS survey spectrum in Fig. 5(a) confirms the presence of
carbon (C 1s), oxygen (O 1s), and nitrogen (N 1s) as the primary
elements, consistent with the nitrogen and sulfur co-doping
strategy. The high-resolution C 1s spectrum in Fig. 5(b) is
deconvoluted into three distinct peaks at approximately
284.8 eV, 286.2 eV, and 288.5 €V, corresponding to C-C, C-N,
and C=0/C-O bonds, respectively.®>*> These peaks highlight
the successful incorporation of nitrogen into the carbon
framework and the presence of oxygen-containing functional
groups, which enhance the hydrophilicity and functional
versatility of the TUCDs. Similarly, the high-resolution O 1s
spectrum in Fig. 5(c) reveals peaks at 5316 eV and 533.2 eV,
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attributed to C=0 and C-OH/C-O-C bonds, respectively,
further corroborating the abundance of oxygen-functionalized
groups on the TUCD's surface.®*** The N 1s spectrum in
Fig. 5(d) displays two peaks centered at 398.4 eV and 400.6 eV,
corresponding to pyridinic N and pyrrolic N, respectively, con-
firming the effective doping of nitrogen into the carbon
lattice.**** The presence of pyridinic and pyrrolic nitrogen is
particularly significant, as it imparts additional active sites for
potential catalytic and biological applications, alongside
enhancing the photoluminescent properties of the TUCDs.
Collectively, the XPS results not only verify the elemental
composition and doping efficacy but also underscore the
surface functionality of TUCDs, which is pivotal for their
application in biomedicine, sensing, and energy-related tech-
nologies. The combination of nitrogen and oxygen functional
groups, alongside their precise chemical states, enhances the
TUCDs' stability, reactivity, and suitability for advanced multi-
functional applications.

Fig. 6 illustrates the antioxidant properties of TUCDs
through their radical scavenging activities against DPPH (a),
hydroxyl radicals (b), and KMnO, radicals (c). These results
underscore the effectiveness of TUCDs as potent antioxidants.
In Fig. 6(a), the DPPH radical scavenging activity exhibits
a concentration-dependent trend, with nearly 85% scavenging
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(a) XPS survey spectrum of the TUCDs. High resolution (b) C 1s (b) O 1s and (d) N 1s spectra of the TUCDs.
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efficiency achieved at a TUCD concentration of 600 pg mL ",
highlighting their remarkable electron-donating ability to
neutralize free radicals. Similarly, Fig. 6(b) shows the hydroxyl
radical scavenging activity, where the TUCDs demonstrate
a significant radical quenching efficiency, reaching approxi-
mately 90% scavenging at a concentration of 900 pg mL ™",
attributed to the presence of oxygen-rich functional groups,
such as hydroxyl and carboxyl groups, on the surface of TUCDs.
These groups provide active sites for radical neutralization.
Fig. 6(c) further reveals the TUCDs' scavenging activity against
KMnO, radicals, achieving a plateau of approximately 85%
scavenging efficiency at 750 pg mL™ ", indicating their capacity
to interact with diverse radical species. The superior antioxidant
performance of TUCDs can be attributed to their unique
structural features and surface chemistry. The co-doping of
nitrogen and sulfur introduces additional active sites, such as
pyridinic and pyrrolic nitrogen, which enhance the electron
transfer and radical stabilization mechanisms. Moreover, the
extensive surface area and many oxygen-functional groups of
TUCDs facilitate improved interactions with reactive oxygen
species (ROS), resulting in effective quenching of free radicals.
These attributes render TUCDs especially appropriate for
biomedical applications, encompassing ROS-induced damage
mitigation, neuroprotection, and therapies connected to
oxidative stress. The notable radical scavenging efficiencies

© 2025 The Author(s). Published by the Royal Society of Chemistry

found across several radical systems highlight the versatility
and effectiveness of TUCDs as multifunctional antioxidants in
multiple fields.

The photoluminescence (PL) characteristics of TUCDs in
reaction to 3NT were thoroughly examined, as illustrated in
Fig. 7(a and b). Fig. 7(a) displays the photoluminescence spectra
of TUCDs subjected to escalating amounts of 3NT (0-160 uM). A
considerable reduction in PL intensity is noted with increasing
3NT concentrations, signifying effective interaction between
TUCDs and 3NT molecules. The quenching is due to energy
transfer or electron transfer mechanisms enabled by the nitro
group in 3NT, which efficiently absorbs energy from the excited
state of TUCDs. This pronounced quenching effect underscores
the sensitivity of TUCDs to minimal concentrations of 3NT,
indicating their potential as sensors for nitroaromatic chem-
icals. Fig. 7(b) illustrates the associated Stern-Volmer plot,
which correlates the ratio of initial photoluminescence inten-
sity (I) to the photoluminescence intensity post-quenching (I)
with the concentration of 3NT. The data reveal a linear corre-
lation at lower concentrations, demonstrating dynamic
quenching due to collisions between 3NT and TUCDs. At high
concentrations, slight deviations from linearity are seen, indi-
cating a potential effect of static quenching, which is defined by
the formation of non-emissive ground-state complexes. The
Stern-Volmer constant derived from the linear region clarifies
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showing fluctuations of PL intensities.

the quenching efficiency and the interaction intensity between
TUCDs and 3NT. Fig. 7(c) analyzes the influence of pH on the
photoluminescence response of TUCDs prior to and following
the addition of 3NT. The PL intensity of TUCDs remained
consistently stable across a wide pH range (4.8-8.7), demon-
strating their resilience in many environmental circumstances.
Nevertheless, the introduction of 3NT results in a marked
reduction in PL intensity at all pH levels. This behavior validates
the efficacy of the quenching mechanism, demonstrating its
independence from pH, and indicating that TUCDs can
consistently detect 3NT across various pH conditions, including
physiological and environmental samples. The capacity of
TUCDs to sustain steady photoluminescence across varying pH
settings is essential for their practical utilization. Fig. 7(d)
assesses the selectivity of TUCDs for 3NT by analyzing the PL
quenching response in the presence of several potentially con-
founding compounds, such as amino acids, metal ions, and
prevalent physiological analytes. The majority of examined
interferents exhibit minimal effect on the photoluminescence
intensity of TUCDs, indicating their chemical stability and

8362 | RSC Adv, 2025, 15, 8354-8366

resilience to non-specific interactions. Conversely, 3NT
produces a significant quenching effect, underscoring the
remarkable selectivity of TUCDs for the detection of 3NT.
Significantly, even in the presence of a combination of inter-
ferents, the PL quenching by 3NT remains evident, thus
underscoring the dependability of TUCDs as a selective probe.

Fig. 8 investigates two critical aspects of the interaction
between TUCDs and 3NT: response time and zeta potential
changes upon binding. Fig. 8(a) shows the response time of
TUCDs to 3NT, characterized by the ratio of initial PL intensity
(I) to quenched PL intensity (I) over time. The quenching
occurs almost instantaneously, with the I,/I ratio reaching
a stable minimum within the first few minutes and remaining
constant up to 120 minutes. This rapid response reflects the
high reactivity of TUCDs toward 3NT and indicates an efficient
quenching mechanism, likely due to strong binding or inter-
action between TUCDs and 3NT molecules. The near-
instantaneous response further underscores the practicality of
TUCDs for real-time sensing applications, especially in
scenarios requiring fast detection. Fig. 8(b) explores the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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changes in zeta potential of TUCDs before and after exposure to
3NT, providing insight into surface interactions. The zeta
potential of bare TUCDs is approximately —10 mV, indicative of
their negatively charged surface, likely due to the presence of
thiol groups or other functional moieties. Upon binding with
3NT, the zeta potential shifts significantly to more negative
values, around —14 mV. This shift confirms the adsorption of
3NT onto the surface of TUCDs, which increases the overall
surface charge density. The increased negativity may be attrib-
uted to the introduction of nitro groups from 3NT, which
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contribute additional charge upon interaction with TUCDs.
These changes in zeta potential further validate the strong
interaction between TUCDs and 3NT, which is consistent with
the observed quenching behavior.

Table 1 provides a comparative analysis of heteroatom-
doped carbon dots (CDs) used for detecting various biomole-
cules and analytes, benchmarking the performance of our study
against existing literature. Our tamarind-derived CDs exhibit
pH-dependent sensitivity for detecting 3-nitrotyrosine, a crucial
oxidative stress metabolite linked to neurodegenerative

Table 1 Different CDs based nanoprobes for analyte detection in fluorimetric method

Synthesis Heteroatom
Carbon source method doping Target analyte Detection sensitivity Biomedical application Ref.
Citric acid and urea  Hydrothermal Nitrogen and Reactive oxygen Not specified Theranostic platform for free 66
sulfur species (ROS) radical scavenging, imaging,
and chemotherapy
Citric acid and Hydrothermal ~ Phosphorus  Fe* ions Detection limit of 0.33 utM  Potential applications in 67
phosphoric acid sensing and bioimaging
Citric acid and Hydrothermal — Nitrogen and Fe*" ions and 1~ Detection limits of 0.16 uM  Detection in real samples 68
thiourea sulfur cysteine (Fe**) and 0.12 uM and colon cancer cell
(L-cysteine) imaging
Aminosalicylic acid ~ Hydrothermal Nitrogen Fe*" ions and Detection limit of 0.1 uM Potential applications in 69
tetracycline (Fe**) and 0.05 uM environmental monitoring
(tetracycline) and pharmaceutical analysis
Citric acid and Hydrothermal Nitrogen Picric acid Detection limit of 0.23 utM  Potential applications in 70
ethylenediamine environmental safety and
explosive detection
Medicinal plants Hydrothermal — Nitrogen and Fe® ions Detection limit of 0.27 pM  Applications in bioimaging 71
sulfur and Fe*" detection
Citric acid and Hydrothermal Nitrogen and Dopamine Detection limit of 0.15 ptM  Potential applications in 72
thiourea sulfur neurological disorder
diagnostics
Citric acid and urea  Hydrothermal Nitrogen Ascorbic acid Detection limit of 0.2 pM Applications in food safety 73
and quality control
Citric acid and Hydrothermal Nitrogen Glutathione Detection limit of 0.18 uM  Potential applications in 74
ethylenediamine oxidative stress monitoring
and disease diagnostics
Tamarind One-step Nitrogen 3-Nitrotyrosine pH-Dependent sensitivity Detection of oxidative stress This
hydrothermal (pH 4.8-8.7) metabolites associated with study

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Cytotoxicity assay of the TUCDs (aqueous dispersion) against
fibroblasts 3T3 cell lines.

diseases, distinguishing them from other reported CDs.
Compared to previous studies that primarily target Fe*" ions,
dopamine, and reactive oxygen species (ROS), our work
uniquely focuses on a metabolite directly relevant to oxidative
stress-related disorders. Additionally, the sustainable and cost-
effective synthesis route using tamarind as a carbon source
enhances the environmental viability of our approach. The table
also highlights the diverse biomedical applications of CDs,
ranging from neurodiagnostics and bioimaging to pharma-
ceutical and environmental monitoring. These comparisons
emphasize the novelty of our study in bridging sustainable
nanomaterials with practical healthcare applications.

Fig. 9 illustrates the cytotoxicity assessment of TUCDs in
aqueous dispersion against 3T3 fibroblast cell lines, providing
insights into their biocompatibility. The cell viability was
measured after exposure to various concentrations of TUCDs
ranging from 0.2 mg mL ™" to 1.2 mg mL . Across all tested
concentrations, the cell viability remains consistently high,
exceeding 95% in all cases, and is statistically similar to the
control group (0.0 mg mL ™). This result strongly suggests that
TUCDs exhibit negligible cytotoxicity under these experimental
conditions, even at the highest concentration tested. The lack of
significant toxicity can be attributed to the surface chemistry of
the TUCDs, which likely minimizes adverse interactions with
cellular components. The stability of the nanoparticles in
aqueous dispersion and their minimal leaching of toxic ions or
reactive species further enhance their safety profile. This
excellent biocompatibility indicates that TUCDs are well-suited
for applications involving biological systems, such as biosens-
ing, bioimaging, and environmental monitoring.

4. Conclusions

This study presents a sustainable and cost-effective approach
for synthesizing heteroatom-doped carbon dots from tamarind,
leveraging a one-step hydrothermal method. The successful
incorporation of nitrogen dopants into the carbon framework
enhances their physicochemical properties, making them
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suitable for a range of biomedical applications. Advanced
spectroscopic analyses confirmed their structural integrity and
functional attributes, highlighting their stability and tunable
fluorescence properties. A key highlight of this study is the
exceptional antioxidant activity of the synthesized CDs,
demonstrated by their robust free-radical scavenging efficiency
exceeding 80% across multiple assay techniques. This strong
antioxidant capability suggests their potential in mitigating
oxidative stress, a key factor in various pathological conditions,
including neurodegenerative disorders. Additionally, their
remarkable selectivity and sensitivity in detecting oxidative
stress metabolites, particularly 3-nitrotyrosine, further under-
score their diagnostic utility. The detection efficiency was found
to be pH-dependent, offering a versatile sensing mechanism
adaptable to different physiological environments. Biocompat-
ibility assessments with fibroblast cells validated the non-toxic
nature of these CDs, reinforcing their suitability for biomed-
ical applications. Their ability to function as a rapid and highly
selective probe for oxidative stress biomarkers positions them
as a promising tool for early disease detection, particularly in
neurodegenerative disorders where oxidative damage plays
a crucial role. This research illustrates the promise of tamarind-
derived heteroatom-doped carbon dots as multifunctional
nanomaterials that connect sustainable material design with
practical therapeutic applications. Their amalgamation of
antioxidant effectiveness, biocompatibility, and diagnostic
sensitivity positions them as a significant platform for medic-
inal and biosensing applications. Subsequent study may
investigate their incorporation into sophisticated biosensors or
precise drug delivery mechanisms, so enhancing their influence
in biomedical and clinical investigations. At the same time, it is
possible to guide the decisive factors for carbon dots employing
artificial intelligence techniques to synthesize the desired CDs
and assess disease signature pathways of neurodegenerative
and metabolic disorders through oxidative stress pathways.
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