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One of the major problems in recent decades has been the absorption of harmful chemicals and toxins into
the human body, either directly or indirectly. The excessive usage of heavy metals, like Cr(vi), Pb(i), As(i),
Cd(), and organic contaminants such as pesticides, dyes, disinfectants, and food additives, and their
untreated discharge by the industries, has had a profound effect on the environmental water systems as
well as on the food chain. This ultimately impacts the human race. Carbon dots (CDs), a relatively new,
cost-effective and sustainable nanomaterial, has recently gained attention as an alternative solution to
address this issue, due to numerous benefits, such as additional value to waste, utilizing pollution-free
resources and green processing procedures. Substantial type of precursors for green CDs have
employed various plants from Indian knowledge system and have been used to detect metal ions and
other organic contaminants in water. Some examples include tulsi leaves for detection of Cr(vi), mango
peels for detection of the pesticide, mesotrione, Aegle marmelos (bael patra fruit) for detection of allura
red, Fe(m), and Cu(n). The CDs synthesised using turmeric powder have been explored for degradation of

acid azo dyes. It is well known that the ancient Indian knowledge system has consistently emphasized
Received 24th January 2026 . . . . I
Accepted 12th May 2026 the role of nature in benefiting the human race. Vast Indian plant wealth is now finding alternate,
sustainable ways to contribute towards the conservation of the environment. Thus, the Indian knowledge

DOI: 10.1035/d6ra00662k system may continue to act as a tool for protecting the environment and in turn the human race, using

rsc.li/rsc-advances green nanotechnology.

including skin disorders and failure of the liver/kidneys.”
Additionally, the usage of heavy metals in mining, electro-

1. Introduction

One of the major issues humanity faces today is environmental
contamination driven by the uncontrolled exploitation of
resources of toxic pollutants into the environment.* The textile
sector primarily uses dyes, consuming over 80% of the total
global dye production.” The untreated release of these colouring
agents into environmental waters is ecologically harmful.
Colour obstructs the dispersion of sunlight, inhibiting photo-
synthesis, and restricting the development of aquatic life.*
Further, these dyes are highly poisonous, carcinogenic, non-
biodegradable, and can also lead to numerous problems,
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plating, and other industries is also a cause of major environ-
mental pollution. Heavy metal contamination is detrimental to
both the environment and public health due to its long-term
harmful effects. As a specific example, excessive lead (Pb)
exposure can harm the kidneys, and affect reproductive and
nervous systems. On the other hand, mercury (Hg) toxicity
results in kidney and neural disorders.* Although iron is
a required trace metal, its excessive levels can interfere with
natural functioning and cause disorders such as hepatitis,
arthritis, cancer, and heart failure.* Additionally, antibiotics are
widely employed as medicine in both human beings and
animals to treat inflammation caused by bacteria.®> However,
their excessive consumption and incorrect disposal can lead to
the development of antibiotic resistance, digestive issues, and
liver/kidney damage.> Furthermore, the use of various food
colorants and additives is a growing concern in developing
nations, harming the environment and public health.® Poor
farmers have been reported to use malachite green (dye) to color
vegetables, so that they appear fresh and green.” These dyes are
hard to remove from vegetables, even after being washed, and
may end up inside the body and eventually the food chain,
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leading to various diseases such as heart/respiratory failure, and
even cancer. They may also damage the spleen, liver, and
kidneys.

Various conventional techniques being employed for reme-
diation of dyes from effluents involve adsorption, coagulation/
precipitation, redox mechanisms, ion exchange, ultrafiltration
(reverse osmosis), flocculation and biodegradation,® UV-light
degradation, ozonation,” advanced oxidation,' electro/photo-
chemical degradation™ methods, high pressure liquid chro-
matography, surface-enhanced Raman spectroscopy (SERS),"
enzyme-linked immunosorbent assay,'*'* magnetic molecularly
imprinted polymers.* Similarly, various analytical methods to
identify heavy metals include X-ray fluorescence spectroscopy
(XFS),** atomic emission spectroscopy (AES),** inductively
coupled plasma-mass spectrometry (ICP-MS),"” atomic absorp-
tion spectroscopy (AAS),"® SERS and ion-selective electrodes.
However, these techniques suffer from many drawbacks
including costly/complex instruments with tedious pre-/post-
treatments requiring proficient operators and the creation of
toxic by-products, etc. As a result, these procedures are sparingly
used.

In contrast to the conventional techniques mentioned above,
fluorescence (FL) sensors, utilizing nanomaterials, are presently
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being used because of their increased selectivity and sensi-
tivity.>** Although the primary focus has been on SnO,, CdTe,
and CdS-based semiconductor quantum dot fluorescent inves-
tigations, the incorporation of toxic heavy metals in these
sensors lead to significant environmental and health risks.*
Thus, designing metal-free, environmentally friendly sensors
with high sensitivity is essential. In recent years, CDs have
garnered substantial interest owing to their distinct character-
istics, including facile surface functionalization, biocompati-
bility, and decreased toxic effects. They have been widely used
for the detection of pollutants and other toxic chemicals due to
their unique optical properties.® Furthermore, plant-based
precursors are being investigated as an alternate carbon
source for forming CDs, rather than chemical precursors,** due
to their less toxicity, and being economically viable as well as
environmentally sustainable.

2. Role of traditional Indian plants in
environmental conservation

The ancient Indian knowledge system comprises of centuries
old wisdom, which guides human beings to protect the
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(Aegle Marmelvs) (Musa acuminata) (Musa paradisiaca L)
Betel Vine Curcuma Glloy Stem
(Piper betle) (Curcuma longa)
Shatavari Muskmelon Pomegranate
(Asparagus racemasus) (Cucumis melo) (Punica granatum)

Fig. 1 Some typical traditional Indian plants utilized in the synthesis of CDs.
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environment, generate awareness about their surroundings
including plants, animals and water bodies. The foremost
human community to protect the environment was the Vedic
community, where humanity was aware of its surroundings.* In
the Taittiriya Upanishad,* a set of guidelines are provided to
maintain a clean environment. The significance of existence of
each creature for the survival of all other creatures has been
illustrated by the Iso-Upanishad.*

Trees secrete essential oils and secondary metabolites in
defense, from its various parts such as leaf, bark, fruit, stem,
flower, roots, or needles, which are natural bioactive
compounds rich in steroids, flavonoids, polyphenols, tannins,
xanthan, alkaloids, and terpenes, etc.”**° These compounds
exhibit antioxidant, anti-inflammatory, antitussive, anti-
diabetic, immunostimulant, antifertility, and anti-viral proper-
ties amongst others. Since ancient times, these bioactive
compounds have been used in therapeutic applications®*** for
treating numerous ailments such as diabetes, cancer, kidney
and liver disorders, asthma, cardiovascular-related problems,
fungal and bacterial diseases**** and many more. The ancient
Indian scientists documented a wide range of medications and
treatments in Ayurveda and other ancient texts for maintaining
good health and preventing diseases. Different plants are
recognized on the basis of their characteristics and therapeutic
advantages, which indicates our rich ancestral heritage and
opulent knowledge of the plants' usage in daily life.

Recently, the usage of Indian traditional plants has
increased for therapeutics, food, and craft purposes due to their
nontoxicity and less side effects. For example, Bael plant, is
included in the ‘Climate Purifier’ plant category, due to its
behaviour of absorbing harmful gases from the atmosphere as
well as sinking toxic chemical pollutants.** Mango, termed as
the “National fruit of India” - is also known for its cardio
protective, anticancer, anti-diabetic properties, etc.>* Lotus is
adopted as “National flower of India” used for ornamental,
nutritional and medicinal properties.>> Bamboo considered
“Green Gold” is an inexpensive alternative to strong wood. It
stores 1000 tonnes water, absorbs 12 tonnes of CO, gas, and
releases 35% higher oxygen gas as compared to the deciduous
forest trees.*® Jackfruit is known as “giant nutrition fruit and
a poor man's fruit”®” whereas Asparagus racemosus (Shatavari) is
taken as ‘adaptogens’ for supporting the body to handle
different types of stresses.” The United Nations have declared
Azadirachta indica, (neem) as “Tree of the 21st century” due to
its versatile usage as a traditional Indian medicine for various
diseases.>® Furthermore, these historic pieces of knowledge
have inspired innovative research and improvements in health
care and our surroundings. Fig. 1 shows some of the traditional
Indian plants that have been used in the synthesis of CDs.

3. Synthesis and characterization of
CDs using plant-based biomass

The fabrication of carbon dots from natural precursors repre-
sents a novel and eco-friendly approach in the diverse field of
nanotechnology, employing accessible and environmentally
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sustainable materials, including vegetables, fruits and extracts
from different parts of plants. Natural precursors provide
a substantial carbon source and possess intrinsic biological
compatibility, making them suitable for the synthesis of CDs
with a reduced environmental impact.

The synthesis of carbon dots (Fig. 2) predominantly employs
a bottom-up approach, where the green precursors are
carbonized either through hydro/solvo-thermal®**** techniques
or methods assisted by microwaves* or ultrasonics.
Hydrothermal/solvothermal synthesis involves the application
of elevated temperatures and pressures to organic precursors in
an aqueous/solvent solution, yielding CDs characterized by
well-defined sizes and surface functionalization.** Similar to
this, microwave-assisted synthesis produces CDs quickly and
effectively by irradiation with microwaves which escalates the
carbonization process. Microwave synthesis is primarily
attractive due to its capacity for rapid, energy-efficient heating,
which results in reduced response times and enhanced control
over morphology of particles.** This synthesis procedure
employs sources of carbon (glucose, citric acid,”” or other
organic materials), forming their solution, and then subjecting
microwave irradiation. Rapid dielectric heating results because
of interaction of the microwaves with the polar molecules. This
process ensures satisfactory product quality with little agglom-
eration by promoting homogeneous nucleation and develop-
ment of CDs in addition to speeding up chemical processes.
Apart from the concentration of the green precursor, the main
variables that control the synthesis process are the duration and
power of irradiation. The ease of application and scalability of
microwave-assisted synthesis make it a noteworthy approach.

The use of ultrasonic waves represents an innovative method
in nanotechnology, utilizing the distinctive advantages of
ultrasound-assisted technique. Using high-frequency sound
waves, the ultrasonic approach for CD synthesis creates vapor
filled voids/bubbles in water/solvent containing green precur-
sors. The collapse of these bubbles helps in creating high
pressure & temperature locally, which promotes the formation
of nanosized carbon particles from the fragmentation of
carbon. This procedure offers advantages such as simplicity,
cost-effectiveness, environmental sustainability, facilitating
scalability, and high efficiency for producing CDs with adjust-
able characteristics.**** Several important parameters,
including temperature, sonication power, and sonication time,
can be optimized to greatly increase the yield of CDs produced
using ultrasonic waves. On the other hand, in conventional
pyrolysis, carbon source materials are thermally broken down to
create CDs using temperatures, usually between 300 and 1000 °©
C, in an oxygen-free atmosphere.” In this process, organic
molecules experience carbonization and cracking, leading to
the formation of carbon core and some functional groups on
the surface (depending on the temperature). Fig. 2 depicts
various synthesis methods of CDs using natural biomass and
their main applications (colorimetric/optical sensing/
photocatalytic degradation/electrochemical sensing etc.).

Fig. 3 shows the main characterization techniques used for
the analysis of carbon dots (CDs), which enable the correlation
of their physicochemical properties with their performance in
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Fig. 2 Some main green synthesis techniques (inner circle) and applications of CDs synthesized using natural precursors.

various applications. Morphological and structural character-
istics are generally evaluated by high-resolution scanning
(HRSEM)/transmission electron microscopy (HRTEM). These
techniques are used for finding the particle size, shape, and the
degree of aggregation of CDs, with high resolution. In partic-
ular, TEM is widely used to observe the internal structure and
possible crystalline domains, as well as to estimate the average
size at the nanometric scale. On the other hand, SEM provides
complementary information on surface morphology and the
distribution of nanoparticles in different matrices.**** Addi-
tionally, Atomic Force Microscopy (AFM) enables the analysis of
surface features and the measurement of the height of CDs,
which is especially useful for confirming their quasi-spherical
nature and their vertical dimension, providing three-
dimensional information at the nanometric scale.*

The crystalline structure and degree of ordering of CDs are
studied using X-ray diffraction (XRD), a technique that allows
the identification of graphitic or amorphous structures, as well
as the estimation of parameters such as interplanar spacing.****
Furthermore, the chemical composition and the nature of
functional groups on the surface are determined by infrared
spectroscopy® (FTIR) and X-ray photoelectron spectroscopy

28326 | RSC Adv, 2026, 16, 28323-2835]

(XPS). FTIR enables the identification of characteristic vibra-
tional modes associated with specific bonds/groups such as O-
H, C=0, C=S, C-0, -NH,, -COOH, evidencing the presence of
oxygen and heteroatoms that influence the solubility and
reactivity of CDs. Complementarily, XPS provides detailed
elemental composition and the presence of oxidation states of
the atoms, allowing for a more detailed analysis of surface
chemistry and doping mechanisms.***°

The optical characteristics of CDs are analyzed using UV-Vis
and photoluminescence (PL) spectroscopy, which are funda-
mental techniques for understanding their light absorption and
emission mechanisms. UV-Vis spectroscopy allows the identi-
fication of characteristic electronic transitions, such as m-m*
and n-w* transitions, associated with conjugated structures
and surface functional groups.******* Meanwhile, PL provides
information on electron recombination processes and emissive
centers, being particularly relevant for evaluating phenomena
such as excitation wavelength-dependent emission, quantum
yield, and the influence of surface defects.*®** Likewise, zeta
potential is used to evaluate the colloidal stability and surface
charge of CDs in dispersion. This parameter is crucial for
understanding electrostatic interactions between particles, as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic representation of some common characterisation techniques employed for CDs. (b) Typical functional groups associated
with doped and undoped CDs.

well as their behavior in aqueous media and biological systems, Overall, the integration of these characterization techniques
directly influencing their aggregation, dispersibility, and enables the establishment of a comprehensive correlation between
applications in sensing or bioimaging.****>° the structure, surface chemistry, and optical properties of CDs.
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Fig. 4 Schematic representation of the possible formation mechanism of CDs showing different stages.

4.

The design of novel carbon dots with the required properties
demands a deep understanding of their formation mechanism.
Due to the simultaneous involvement of several variables,
including reaction time, temperature, and precursor structure,
it is an intricate task that requires systematic studies. In the
detailed work from Rigodanza et al.,** it has been shown that
the formation of carbon dots consists of four different stages,
involving aggregation, shell formation, collapse, and
aromatization.

Similarly, the formation mechanism of CDs via the bottom-
up technique has been shown to involve the carbonisation of
small organic matter. This is achieved through a number of
steps, including condensation, polymerisation, carbonisation
followed by surface passivation.”® The tiny molecules go
through the condensation processes like aldol condensation,**
Schiff base condensation,* amidation®® and radical reaction,*”
leading to the formation of chain-like intermediaries, which
further lead to the creation of polymer like CDs.*® The polymers
subsequently get carbonised, generating the carbon core,
particularly at high temperatures.®®® Furthermore, the

Formation mechanism of CDs

28328 | RSC Adv, 2026, 16, 28323-28351

remaining precursors, serving as surface passivating agents,
can be altered on their surface to increase the luminescence of
CDs. Research on doped and hybrid CDs, such as N, S-co-doped
CQDs and Gd-doped CQDs, demonstrates that nuclei forma-
tion, growth, and carbonisation are significantly influenced by
temperature and time®"*

Sustained microwave irradiation encourages intramolecular
dehydration and C-C bond creation in palm kernel shell-
derived CDS, generating aromatic functional groups and facil-
itating CD nucleation. The most acceptable formation mecha-
nism is depicted in Fig. 4. Some specific examples of the
precursors from IKS, along with their corresponding medicinal
value as per the ancient texts and bioactive compunds are given
in Table 1. The synthesis parameters and some resulting char-
acteristics are also listed.

5. Origin of photoluminescence

Although origin of the photoluminescence (PL) mechanism has
been vividly explored, it is still not entirely understood owing to
the wide variety of precursors and techniques being adopted
during the synthesis, exhibiting the formation of a complex

© 2026 The Author(s). Published by the Royal Society of Chemistry
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system.'”*'* Hence, a unified theory elucidating for the exci-
tation dependent PL signal has been difficult to establish.'** The
largely accepted fluorescence mechanisms (schematic repre-
sentation in Fig. 5) are briefly discussed below.

5.1 Quantum confinement effect (QCE)/size effect

Many theoretical researches have correlated the excitation-
dependent emission with the quantum confinement in CDs,
just as for metal-based quantum dots.’® Close to Fermi level,
a splitting of energy level occurs, wherein the electronic quasi
continuous energy levels get transformed into distinct energy
levels leading to widening of energy gap.'®® According to this
phenomenon, when the particle size is brought down to nano-
meter dimensions, the PL emission is governed by the particle
size. In effect, the “core size”/sp> domain size (the effective
conjugated length) is the key factor, rather than the actual
particle size.'®”'*® An increase in “size” leads to a reduction in
band gap, thus shifting the emission wavelength towards red.
According to abstract modeling, some of the transitions (-7 *)
of sp” clusters lead to the radiative recombination of the exci-
tons within the core, thus affecting the PL of CDs.**>**°

5.2 Surface states

Sun et al. were the first to suggest that photoluminescence could
be influenced by the surface states in CDs.'” Since then, many
researchers have supported the relation between the surface
states and the functional groups present on the CDs' surface (-
COOH, -NH,, C=0, C=N, -OH, etc.). These groups bring in
energy levels (fluorophores) within the energy gap which act as
surface energy traps between m and w* of the C-C band.
Consequently, this surface modification/passivation with
different functional groups eliminates various non-radiative
electron-hole recombination centres, stabilizes CDs, and thus
enhances their luminescence."™

Consequently, the electron transitions from these levels
result in a red-shifted emission. Thus, by regulating the surface
functional groups (heteroatomic doping), the PL emission
behavior can be tailored.**> The red-shifted PL emission in CDs
is also influenced by the oxygen content present on their
surface. The greater the extent of surface oxidation, the higher
the proportion of surface defect sites on CDs.'"® These defects
have the ability to capture excitons, the resulting radiation from
the recombination of these trapped excitons causes a shift in PL
emission towards red leading to a narrower energy band gap
(surface-state-related emission).

The excitation dependent emission in most of the biomass-
synthesised CDs has been ascribed to be due to different
particle sizes (quantum effect) as well as the distributed emis-
sive states, associated with various functional groups, present
on CDs' surface. This may be attributed to the discrepancy in
the compound structures present in the natural precursors,
leading to a molecular transition mode change under different
excitations, thus resulting in deviation in emission wave-
length.*** For example, the green luminescence of the CDs
prepared from neem leaves has been attributed to surface
energy traps.** However, amine functionalized CDs, (obtained

© 2026 The Author(s). Published by the Royal Society of Chemistry
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by hydrothermally treating the CDs in ammonia), caused less
accumulation resulting in a blue shift in PL emission in
contrast to the originally observed green fluorescence. Some of
the functional groups present on surface, like ~-COOH and
epoxy, get substituted by -CONH, and -C-NH, after amine
functionalization, which represses the non-radiative recombi-
nation in the intrinsic states, leading to a twofold magnification
in the PL intensity.

5.3 Molecular state

In the process of synthesizing CDs via bottom-up approach,
numerous molecular species (molecular fluorophores with
conjugated carbons) are generated. These impurities, either free
or attached to CDs' surface, regulate the fluorescence emission,
thus influence its overall optical properties*”

6. Detection of heavy metal ions and
organic pollutants from IKS-based
biomass precursors

The main work describing sensing of organic pollutants and
heavy metal ions through IKS based green precursors are
highlighted in Table 2. The table incorporates various IKS based
natural precursors used in the synthesis of carbon-based
sensors as an electrochemical/fluorescent/ratiometric/
colorimetric nanoprobes to detect toxic contaminants. Some
of the main characteristics used for the assessment of the CDs
are quantum yield (QY), linear concentration range (LCR), and
limit of detection (LOD), which demonstrate the overall effi-
ciency of the biomass synthesised CDs towards the sensing of
the analyte. Additionally, recovery and relative standard devia-
tion observed in the presence of real samples have also been
highlighted.

In a specific study conducted with Jackfruit seeds® as
a biomass precursor to synthesize N-doped CDs via microwave-
assisted method, O-phosphoric acid (mild acid) was added to
enhance the absorption of microwave radiation that led to
passivation of the surface. On the other hand, as an example of
multimode detection approaches, in Giloy stem based CDs,*
the authors also developed a smartphone-based sensing of the
Congo red (CR) dye, apart from the colorimetric and fluores-
cence techniques, with high-definition images accompanied by
the linear relationship of CR with color intensity. In another
study, researchers produced hybrid CDs (h-CDs) from the leaves
of Tamarindus indica and Mangifera indica®* to develop ratio-
metric fluorescence sensor. The authors studied the color
change of the PL intensity ratio of the h-CDs (obtained from
blue (b) and green (g) emitting CDs) with the addition of Hg(u),
the volume ratio of the two CDs and the duration of microwave
irradiation. The Hg(u) detection sensitivity was observed high-
est for 2: 1 ratio of b-CDs to g-CDs with microwave irradiation
time of 15 minutes.>

Furthermore, in a detailed adsorption study with teak leaves
biomass carbon dots (TBCDs), the authors evaluated efficiency
of the CDs with MB dye and concluded the formation of an
adduct between the two, which possessed a significant
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Fig. 5 Schematic representation of proposed photoluminescence mechanism in carbon dots.

adsorption capacity of 735.2 mg ¢ ' and removal efficiency of
50.1%. The 77.1% of the adsorbent's efficiency was restored
after regeneration, making them effective for reuse.”™

Using extracts of the bamboo leaves as the natural biomass
material, two different types of multi-emission CD hybrids
(dual-emission and three-emission CDs) were synthesised by
solvothermal means under neutral and alkaline mediums,
respectively. Further, these were employed as different ratio-
metric fluorescent nanosensors for the detection of Pb(u) and
Hg(u), under ideal and real (river water) samples. The authors
observed that the dual-emission CD (for the detection of Pb(u)),
exhibited a linear positive correlation of Is3/1493 With increasing
Pb(u) concentration, while for the three-emission nanosensor,
the ratio Ig;41/I;0; decreased linearly with increasing Hg(n)
concentration, in artificial water samples. This indicated cate-
gorical Pb(u) and Hg(u) level-dependent ratiometric responses
for both the CDs. The results confirmed that the ratiometric
fluorescent nanosensors not only possessed exceptional sensi-
tivity, selectivity and high precision, but also displayed built-in
correction of external effects.®

For finding an ideal environment for the detection of Cr(vi)
using jasmine leaves™ synthesised CDs, the authors studied
different factors like concentration of ions, pH, temperature,
reaction time, and interfering species. The authors deduced the
optimum pH for CDs-MnO, and NCDs-MnO, nanocomposites
as 4 and 6 respectively, revealing requirement of more acidic
environment for CDs-MnO,. Further, the optimum reaction
temperature and time interval for CDs-MnO, & NCDs-MnO,
nanocomposites required for Cr(vi) detection was 65 °C & 45 °C
and 4 min & 7 min, respectively. Further, both the nano-
composites exhibited interference with nitrate ions. Finally,
they found NCDs-MnO, nanocomposite to be a better sensor of
Cr(v1), attributing to its smaller size and the effective surface
functional groups present.

The fluorescence quenching mechanism in tulsi leaves
derived CDs for the detection of Cr(vi) was explained to be due to
IFE. The authors demonstrated (three times), a significant
recovery of the fluorescence by the addition of ascorbic acid
which was ascribed to be due to the conversion of Cr(vi) to
Cr(m), allowing the system to be recycled. Further, these CDs

28338 | RSC Adv, 2026, 16, 28323-28351

were used to sense Cr(vi) in real water samples (industrial water)
with satisfactory results.” As another example, nitrogen doped
CDs synthesised hydrothermally from betel leaves acted as
a single probe system for dual sensing (picric acid, PA and
Fe(m)) with remarkable sensitivity and selectivity. The fluores-
cence in these CDs displayed great stability even at high ionic
strengths. The fluorescence quenching and the red shift (slight)
of the emission spectrum with increasing PA concentration was
explained to be due to the electrostatic interaction between the
O & N based groups (CDs) and the phenolic group of analytes
(PA). Likewise, the quenching observed with Fe(ur) was
explained to be due to chelation formation, leading to electron
transfer from excited state of N-CDs to d-orbital (partially filled).
This facilitated non-radiative recombination of electrons
& holes, thus diminishing the fluorescence.

The N-CDs synthesised from Ziziphus mauritiana, were
employed as a catalyst for the removal of Safranin-O (SO) dye,
with NaBH, being used as a reducing agent. The authors ach-
ieved 79% degradation efficiency of the dye using N-CDs (at pH
12) in 18 minutes as compared to 48% (210 min) with NaBH,
only. This was ascribed to the transfer of electrons from BH, ™
ions to the dye, with N-CDs acting as mediators.”® In another
study, reduction of SO dye was acheived by nitrogen doped CDs
derived from neem seeds, which showed a 100% reduction in 6
minutes as compared to 28 minutes in undoped CDs.** Dwarf
banana peel® synthesised CDs (doped with aqueous ammonia)
as well as betel leaves* derived-NCDs can also be used as an
invisible ink, in anticounterfeiting applications.

7. Underlying mechanisms for CDs-
based optical sensors

In general, an interaction between CDs and analytes (organic/
inorganic) results in spectral shift (blue/red/null) accompa-
nied by either quenching or enhancement of their fluorescence
intensity. This principle forms the basis for employing CDs as
a sensor for detecting these analytes. Depending on the inter-
actions between the CDs and the analytes, the quenching
mechanism could be either, (i) static quenching (SQ) or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dynamic quenching (DQ); (ii) Inner Filter Effect (IFE) or Foerster
resonance energy transfer (FRET); (iii) Dexter energy transfer
(DET) or Photoinduced electron transfer (PET) (Fig. 6).""”

In static quenching (SQ), a weak bonding between the CDs
(fluorophore) at ground state and the quencher results in the
formation of a non-luminous complex. In contrast, dynamic
quenching (DQ) results because of the collision between the
CDs and the quencher molecules involving charge/energy
transfer, which leads to the de-excitation of CDs and hence
reduction in PL intensity."*®* However, there are few remarkable
differences between the two phenomena: in SQ, the luminous
lifetime of CDs remains the same (before and after being
exposed to the quencher), whereas the absence/presence of
quenchers in the detection system affects (shortens) PL lifetime
in the case of DQ. In addition, for static quenching, the ground-
state complex formation can cause observable changes in
absorption spectrum of CDs (shift in peak position/increased
number of UV absorption peaks etc.) while no change in
absorption spectra is detected for DQ. Further, an increase in
temperature minimizes the SQ effect, whereas vigorous colli-
sions cause an escalation in DQ effect under high temperature
conditions.

The IFE occurs when the UV-visible absorbance spectra of
quenchers interfere or overlap spectrally with CDs' fluorescence
(FL) excitation or emission spectra, which results in quenching
of the PL intensity.'” This effect eliminates any interaction
between the CDs and the quencher. In most cases, IFE does not
cause any variation in CD's absorption spectrum, implying that
no new substance is being formed. Hence, the presence or
absence of the quencher does not impact CD's average PL life-
time. Whereas in FRET, an overlap of the donors' (CD's)
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emission spectrum and the acceptor's (quencher's) absorption
spectrum occurs, resulting in non-radiative energy transfer
between CDs in the excited state and quencher in the ground
state (involving dipole-dipole interaction between the two).
This transfer is highly effective when the distance between the
donor and the receptor is within 10 nm. Also, the PL lifetime of
fluorophores (CDs) decreases after their interaction with
quenchers in the case of FRET.**°

The PET sensing mechanism involves formation of complex
between CDs and the target analyte. Irradiation with light cau-
ses excitation of electrons in CDs. When the transfer of elec-
trons occurs from activated CDs (electron donor) to the
quenchers (electron receptor), the process is termed as oxidative
PET. On the other hand, the electron transfer from the analyte/
quencher (electron donor) to activated CDs (electron acceptor)
is named as reductive PET. The deexcitation of electrons, causes
non-radiative luminescence and thus changes the PL inten-
sity.”® DET is another process wherein a matching of the redox
potentials of donors and acceptors is essential for the electron
transfer to take place.

The CDs have also been employed in the photo induced
degradation of organic dyes. In addition, CDs with metal oxides/
semiconductors (composites) having vast surface area as well as
exceptional absorption capacity, act as hybrid photocatalysts
promoting e-h separation. This further expedites the transfer of

electrons, escalating the reduction/oxidation capability of
generated  carriers, leading to enhanced  photo
decolorization*****?

The PL enhancement-based detection of Ciprofloxacin (CIP)
from the green CDs synthesized from Ziziphus mauritiana pulp
has been reported based on the complex formation between the

4
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e~ transfer, non-radiative
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Only then does electron transfer
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Fig. 6 Proposed detection mechanisms in CDs based optical sensors.
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amine group from CDs and the carboxylate group of CIP.” The
PL enhancement was attributed to several factors: (a) transfer of
electrons from CDs to CIP; (b) interactions between the func-
tional groups of the analyte and CDs through hydrogen
bonding; (c) the reduction of surface defects of CDs' in the
presence of CIP.

On the other hand, a colorimetric sensor is an elementary
device used to assess an analyte by observing/measuring the
color resolution (the depth of color)/change.' The mechanism
responsible for the color change in carbon dot-based colori-
metric sensor involves special interactions between carbon dots
and the target analytes which impact CDs' optical properties. As
an example, when AgNO; is exposed to CDs solution, the crucial
interactions between the oxygen containing functional groups
(hydroxyl, carboxyl and carbonyl), present on the surface of CDs
help in enabling electron transfer efficiently to silver ions,
leading to reduction of AgNO; to form silver nanoparticles
(AgNPs) and thus act as sensors.*®

Furthermore, designing of the ratiometric fluorescent
probes is based on the relative change observed in fluorescence
intensity of the emission peaks with the addition of analytes."*
The ratio of the PL intensity at two different wavelengths is
found to be directly proportional to the analyte concentration,
thus helps in setting a coherent self-calibration system capable
of eliminating false signals. Hence, this method is more accu-
rate, sensitive as well as more resistant to environmental
disturbances and instrumental settings. For example, to detect
Hg(u) in pure and simulated seawater, ratiometric fluorescence
assay between blue carbon quantum dots (b-CQDs) (produced
from Tamarindus indica leaves) and green carbon quantum dots
(g-CQDs) (produced from Mangifera indica leaves) was employed
to synthesize hybrid carbon quantum dots (h-CQDs).”* An
increase in the PL intensity ratio was observed with increasing
mercury ion concentration and hence it could be used to assess
the change in color (blue to green) with the addition of Hg(u).

8. Summary and outlook

In conclusion, carbon dots and their composites synthesized
using plants from Indian knowledge system represent
a sustainable and versatile platform with promising applica-
tions in environmental remediation. The vast diversity of
natural compounds (plant metabolites/phytochemicals) present
in these plants provides a distinctive strength for tuning the
properties of carbon dots. However, issues of repeatability/
precision due to variability in biogenic substances, mecha-
nistic understanding at molecular level, potential toxicity, and
mass production remain among the main challenges to be
addressed in the near future. The fundamental understanding
of the connection between the phytochemicals present in the
green precursor and the characteristics of the CDs after pro-
cessing is necessary for the design and synthesis of predictable
carbon-based nanomaterials. In addition, due to the vastness of
IKS, integrating traditional plant-based resources with
advanced approaches/techniques for developing standardized
carbon dots synthesis protocols is also essential. Simultaneous
evaluation of long-term ecological impacts is also crucial for
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creating large-scale, viable options. Through collaborative and
systematic efforts from researchers in the field of biology,
chemistry, materials science, medicine and engineering, plant-
mediated carbon-based materials derived from India's vast
biodiversity hold tremendous opportunity to advance the field
of green nanotechnology and make significant to global
sustainable development.
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