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Iron (Fe) is an essential micronutrient for metabolic and physiological processes. Its dysregulation is
associated with disorders such as Alzheimer's and hemochromatosis. Therefore, the development of
cost-effective and selective probes for Fe(i) detection is of significant clinical importance. In this study,
fluorescent carbon dots derived from coconut coir (CCDs) were synthesized via a single-step
hydrothermal method. The CCDs exhibited strong blue emission at 450 nm under 350 nm excitation
and demonstrated selective fluorescence quenching in the presence of Fe(in) ions, with a detection limit
of 223.2 uM. HR-TEM revealed the particle size of CCDs ranged between 5.64 to 10 nm. XRD confirmed
the crystalline nature. FTIR spectra indicated presence of hydroxyl and carboxyl groups contributing to
dispersibility and surface passivation. Raman spectroscopy showed distinct D (1354 cm™) and G

(1582.61 cm™) bands, characteristic of low-dimensional carbon nanostructures. Bioimaging and

iizggtee%litg gi{oicgszozs cytocompatibility studies in L929 fibroblast cells confirmed biocompatibility up to 500 pg mL~1.
Collectively, these findings highlight the potential of CCDs as an effective fluorescent probe for Fe(in)

DOI: 10.1039/d5ra03499) sensing and bioimaging applications in medical diagnostics. The CCDs were cytocompatible at

rsc.li/rsc-advances concentrations up to 500 ug mL™*
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1. Introduction

Iron is an essential micronutrient involved in critical cellular
functions such as the electron transport chain, transcriptional
regulation of genes, enzymatic catalysis, and oxygen transport.*
It is also a key component of biologically significant proteins
such as hemoglobin and myoglobin, additionally, iron relates to
neurobiological functions such as synaptogenesis and myeli-
nation. Dysregulation of iron homeostasis can result in severe
health disorders, including hemochromatosis,”> hemoside-
rosis,® Alzheimer's disease,* ferroptosis,” anemia,® and liver
damage.”®

Thus, it is essential to detect Fe(m) levels in biological
systems with a high degree of selectivity and sensitivity. Various
analytical techniques are commonly used for iron detection,
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such as atomic absorption spectroscopy, voltammetry analysis,
inductively coupled plasma mass spectrometry, ion pair chro-
matography etc. These techniques are widely recognized for
their high sensitivity, reproducibility and precise diction.
However, these methods are often constrained by limitations,
including costly instrumentation, requirement of skilled oper-
ator, and intricate, time-intensive protocols. Consequently,
there is an increasing demand for alternative methods that can
overcome these challenges.®'* Therefore, optical spectroscopy
techniques have emerged as a promising alternative with
advantages such as being cost-effective, providing operational
simplicity and improved selectivity.'* Fluorescent sensors
provide rapid on-site detection and portability.'> They are
extensively utilized for environmental monitoring, food safety
assessment, detection of metal ions, biomolecules, cancer cells,
pesticides and explosive materials.”

Carbon dots have gained significant interest as new-
generation fluorescent sensing probes owing to their distinc-
tive photoluminescent properties. They also exhibit low toxicity,
high chemical stability, minimal photobleaching and excellent
biocompatibility, these properties support their use in clinical
diagnostic applications. Li et al. for the first time prepared
carbon dots (CDs) from Bacillus cereus using simple single-step
hydrothermal process for the selective detection of p-nitro-
phenol. They also injected the synthesized CDs into male BALB/
¢ mice and reported their excellent biocompatibility.’* Karak
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et al. reported procedure to synthesis CDs with high yield from
natural source. Heating banana juice at 150 °C without any
surface passivating or oxidizing agents for four hours produced
water-soluble, green luminescent, carbon dots with an average
particle size of 3 nm." Chanthai et al. proposed green synthesis
of Self-functional CDs from shallot; heated four hours at 180 C
in a Tefon-lined autoclave for detection of Cr(m) and Cr(vi)
ions.”® Huang et al. studied the interaction between the
synthesized nitrogen doped CDs from various natural precur-
sors and their selectivity towards mercury ions in order to
determine the dependency of interactions on the surface states
of the CDs." Zhao et al. reported green synthesis of nitrogen
doped carbon quantum dots (CQDs) via solvo-thermal treat-
ment from bran and tartaric acid. Green emissive CQDs were
utilized for the selective detection of Cu®' ions in water
samples.'” Tong et al. synthesized nitrogen and sulfur co-doped
carbon quantum dots from citric acid and cysteine as precur-
sors to enhance the electron transfer efficiency and strengthen
the coordination interaction between N,S-CQDs and Fe(m)
ions.*® Emadi et al. and Kim et al. proposed microwave method
for fabricating Fe-doped carbon quantum dots® and sol-
vothermal method for the synthesis of green-emissive carbon
quantum dots® respectively. Both the studies reported
a quantum yield of ~18%. Lee et al. reported synthesis of
graphitic carbon quantum dot utilizing the electrochemical
ablation method.”* Zhu et al. prepared carbon quantum dots
using tetraacetic acid salts and ferric nitrate with a quantum
yield of 16.23%.>* The proposed work showcases synthesis of
carbon dots from waste biomass (coconut coir) therefore
proposing upcycling of waste materials with a higher quantum
yield without the requirement of doping to promote the coor-
dination interaction and electron transfer among CCDs and
metal ions.

In present work coconut coir was utilized as a natural
precursor to synthesis carbon dot using a single-step hydro-
thermal route. The carbon dots exhibited bright blue fluores-
cence emission at 450 nm under 350 nm excitation. Its
structural properties were investigated by HR-TEM, XPS, XRD,
Raman and FT-IR. While the optical properties were determined
via UV-Vis and PL spectroscopy. The CCDs were directly utilized
as rapid and highly selective fluorescent probes to detect Fe(ir)
ions without any functional modification. Their bioimaging and
cytocompatibility were investigated in the L929 cells.

2. Experimental details

2.1. Materials

Coconut coir (Cocos nucifera L.) was purchased from a local
market (Mohali, India). Zinc(u) sulfate heptahydrate, ferrous(ur)
chloride tetrahydrate, ferric(u) chloride, arsenic(m) trichloride,
manganese(n) chloride, mercury(u) chloride, chromium(m)
nitrate, vanadium(m) chloride, quinine sulfate salt, MTT were
purchased from Sigma-Aldrich. L929 mouse fibroblast cell line
was purchased from the NCCS Pune, India. Ammonium(i)
chloride, copper(u) nitrate, were obtained from TCI. Nickel(u)
chloride, palladium(u) chloride, lead(u) chloride, potassium(i)
chloride from SRL. Silver(r) nitrate, aluminium(m) chloride,
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barium(u) chloride, cadmium(u) chloride, cobalt(u) chloride
were procured from Loba Chemie Pvt. Ltd. Calcium(u) chloride
from Himedia, and magnesium(u) sulfate heptahydrate,
sodium(r) nitrite from Emparta. All chemical utilized were
analytical reagent grade with 99% purity and the glassware used
in the experiments was obtained from Harco.

2.2. Methods

2.2.1. Synthesis of photoluminescent CCDs. A single-step
hydrothermal procedure was used to synthesize the CCDs. In
brief the process involved numerous steps, including decar-
boxylation, hydrolysis, polymerization, and dehydration. The
coconut coir was cut into small pieces with a sterile knife and
ground to a fine powder for use in CCD synthesis. 20 g coir
powder was put in a silica crucible and heated to 600 °C in
a nitrogen environment for 3 h using a muffle furnace (Metrex).
After cooling, the silica crucible containing a black powder was
removed from the furnace. The resulting powder was thor-
oughly crushed to tiny carbon particles using mortar and pestle.
Finely crushed particles (0.5 g) were added to 100 mL of
deionized water and stirred continuously for 18 h. The aggre-
gated particles were removed by centrifuging (Eppendorf
centrifuge 5804) at 5000 rpm, temperature 25 °C for 8 min. The
supernatant was filtered by using 0.2 um filter and stored at 25 °©
C temperature for further analyses.

2.2.2. Structural, optical characterization and sensing
measurements. This study employed a range of analytical
techniques to investigate the structural and optical properties of
CCDs. High-resolution transmission electron microscopic (HR-
TEM) images were obtained using a JEOL JEM-2100 HR-TEM
instrument operating at 200 kV to describe the particle size
and morphology of the synthesized CCDs. Diluted samples were
sonicated and drop-casted on Cu-coated carbon grids for the
analysis. X-ray photoelectron (XPS) spectra using an ESCALAB
250Xi spectrometer (Thermo Fisher Scientific) was recorded to
analyze the surface sensitive chemical and elemental compo-
sition of CCDs. X-ray diffractometer (XRD, Bruker Eco D8) with
Cu Ko radiation (A = 0.154056 nm) and fine-focus filament was
used as a cathode and a Cu anode was used as the target
material to determine the crystallinity of CCDs. A Bruker spec-
trophotometer with ZnSe crystal was employed to determine the
Fourier transform infrared (FT-IR) spectrum with air scan as
background. The Raman spectra were recorded using a confocal
Raman system (WITec) coupled with a 532 nm laser source and
the optical properties of CCDs were determined by a UV-Vis
absorption spectra (200-800 nm) obtained using a Shimadzu
UV-Vis 2600, whereas the emission spectra were recorded with
an Edinburgh FS 5 spectrophotometer at room temperature. All
measurements were repeated three times. The standard
approach was used to estimate the quantum yield (Q) using
quinine sulfate in 0.1 M H,SO, (Q = 55%, excited at 350 nm, n =
1.33) as ref. 23. The following equation was used to calculate the
quantum yield of CCDs:

I(CCD) x A(Ref) x n*(CCD)
I(Ref) x A(CCD) x n?(Ref)

0(CCD) = Q(Ref) x

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where; Q stands for the quantum yield, I for the emission
intensity, A for the absorbance, and 7 for the refractive index of
the solvent, Ref stands for reference standard, that is, quinine
sulfate in 0.1 M H,SO, (Q = 0.55) and CCD stands for the
synthesized carbon dots. To evaluate the selectivity of synthe-
sized CCDs, various metal ions, such as Ag(1), Al(i), Ba(u), Cd(u),
Co(u), Cu(u), Ca(un), Fe(m), Hg(u), K(1), Mg(u), Na(1), NH,4(1), Ni(m),
Pd(n), Zn(u), Pb(u), Fe(u), As(m), Mn(u), Cr(m) and V(m) were
individually dissolved in deionized water to prepare 1 mM metal
ion solutions. For each test, at room temperature all the metal
ions were separately added to the solution of CCDs and the
fluorescence spectra were then recorded using a fluorescence
spectrophotometer. Furthermore; to assess the sensitivity of
CCDs, Fe(m) ion solution of varying concentrations (pH 7) were
added to the CCDs solution at room temperature. The fluores-
cence intensity was then measured at an excitation wavelength
of 350 nm. The cytocompatibility of CCDs was measured using
1929 cells wvia the  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The cells were
seeded at a density of 1 x 10* in a 96-well plate. The cells were
treated with various concentrations of CCDs for 24 and 48 h.
The cytocompatibility of CCDs was determined using a slight
modification in the protocol provided with the assay kit (Invi-
trogen). The cells were incubated with MTT for 4 h, and the
percentage cell viability was calculated by measuring the
absorbance at 570-595 nm. Stock solution of CCDs containing
Fe(w) was prepared. This solution was serially diluted with
deionized water to a final concentration of 920 pM. One milli-
litre of CCDs was added to 2 mL of the ion solution, and the
fluorescence intensity was measured immediately. The photo-
luminescence (PL) spectra of CCDs were acquired at an excita-
tion wavelength of 350 nm in the presence and absence of
Fe(ut).

3. Results and discussion

3.1. Synthesis and structural characterization of CCDs

The CCDs was prepared by simple hydrothermal synthesis
using coconut coir as precursor (Scheme 1), avoiding the use of
strong acids or organic reagents. The synthesized CCDs
exhibited excellent water solubility, producing a golden-brown
transparent solution without any agglomeration. We used
different biophysical techniques to characterize the CCDs such
as HR-TEM which revealed the morphology and size distribu-
tion of the synthesized CCDs (Fig. 1a) consisting the average

Scheme 1 Schematic of synthesis route for the fluorescent CCDs.
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particle diameter to be in the range of 5.64-10 nm. This indi-
cated that the synthesized CCDs were highly pure carbon dots.
To confirm the crystalline characteristics of synthesized CCDs
XRD analysis was performed which depicted the peaks at (003),
(200), (100), and (010) diffraction planes in CCDs which are
present at 20 of 28.37, 40.54, 50.20, and 58.65, respectively
(Fig. 1c). Furthermore, the presence of first three peaks repre-
sents the presence of sp” carbon and the last one corresponds to
the sp® carbon.?* Further, to determine the bonding in CCDs
Raman spectra was determined, which displayed peak at
1354 cm™ " related to the D-band and 1582.61 em™ ' corre-
sponding to the G-band (Fig. 1d) confirming the presence of
C-C bonds. The G-band represents the in-plane vibrations of
sp’>-bonded carbon atoms, whereas the D-band represents the
out-of-plane vibrations attributed to the presence of structural
defects which is in close agreement with the studies reported.>*
The Ip/I ratio (0.982) of the CCDs is less than 2 which indicates
the nanocrystalline nature of the carbon dots. XPS analysis of
the prepared CCDs revealed the presence of O, N, and C. The
wide-range spectrum (Fig. 1b) showed the presence of oxygen
(01, 533.08 eV), nitrogen (Nyg, 400.08 eV), and (Cys, 286.08 eV),
which is consistent with the characteristic peaks observed in
carbon dots synthesized from biomass.* FTIR spectroscopy was
used to detect the functional groups in CCDs. The analysis
revealed presence of several carboxylic groups (COO™) with
peaks at 1608 and 1353 cm™'. The O-H stretching vibration
peak was around 3301.53 cm ™" and the -CH stretching mode
peak was at 2927 cm ™' (Fig. 1e). The poly hydroxyl groups in the
coconut coir (lignocellulose) could have contributed to the
hydroxyl and carboxyl peaks which provides excellent water
solubility of CCDs and a good stability for various biomedical
applications.>*?

3.2. Optical properties of CCDs

The CCD solution exhibited golden-brown color when placed
under white light and when placed under 365 nm UV light, it
exhibited bright blue emission, indicative of the fluorescent
properties of the synthesized CCDs. The UV-Vis spectrum
revealed a strong, broad absorbance band ranging from 236 to
400 nm, with a very slight hump at 248 nm (Fig. 2a) which could
be attributed to the m-m* molecular orbital transition of the
C=C (alkene) bonds. Additionally, the absorbance in the range
of 277-280 nm were due to the n-m* molecular orbital transi-
tion of the C=0 (carboxyl) functional group, although these

Day UV
light

light HR-TEM

Thermal
calcination
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Fig. 1 Morphological and structural characterization of the CCDs. (a) HR-TEM images of CCDs. Enlarge view of HR-TEM images at scale bar
10 nm. (b) Full-survey XPS spectrum, (c) XRD pattern, (d) Raman spectrum and (e) FT-IR spectra of CCDs.
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Fig. 2 Photophysical properties of CCDs. (a) UV-Vis absorption, (b) fluorescence spectra, (c) excitation spectra and (d) excitation dependent
emission spectra of CCDs. (inset) Under white light and UV light images of CCDs.
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peaks are merged within the broad absorption range.>”*® The
fluorescence emission spectra were recorded at an excitation
wavelength of 350 nm, revealing an emission maximum at
450 nm (Fig. 2b). The excitation spectrum of the CCDs showed
an excitation maximum at 337 nm (Fig. 2c), which was
considered optimal for probing the absorbance characteristics
of the CCDs. This comprehensive optical analysis confirmed
that the synthesized CCDs possessed desirable optical and
fluorescence properties. The excitation dependent photo-
luminescence behavior of CCDs was investigated using fluo-
rescence spectroscopy across excitation wavelengths ranging
from 270 to 370 nm (Fig. 2d). The highest emission intensity
was recorded at an excitation wavelength of 350 nm, corre-
sponding to an emission peak at 450 nm. Consequently,
subsequent fluorescence emission analyses were conducted
using 350 nm as the excitation source. The observed variation in
emission intensity is attributed to the increased population of
CCDs being excited at specific wavelengths. This wavelength
dependent emission behavior is ascribed to the effective surface
passivation in the synthesized CCDs and to the effect of
quantum confinement.*

3.3. Quantum yield and lifetime measurement

The fluorescence quantum yield of the synthesized CCDs was
determined at an excitation wavelength of 350 nm; quinine
sulfate was used as a reference. The CCDs exhibited a quantum
yield of 45% which is in close agreement with that reported
previously,” indicating significantly high emission at 450. The
color of the emission of CCDs was found to be bright blue with
Commission Internationale de l'Elcairage (CIE) color coordi-
nates of (x = 0.21, y = 0.23) as demonstrated by the chromaticity
diagram (Fig. 3a). In addition, the fluorescence decay time of
the synthesized CCDs was measured (Fig. 3b). The decay curve
of the blue-emitting CCDs was fitted using a biexponential
function. The fluorescence decay lifetimes were 1.53 ns (55%)
and 5.35 ns (44%), resulting in an average decay lifetime of 4.33
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Fig. 3 (a) CIE plot and (b) fluorescence lifetime of CCDs.

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

View Article Online

RSC Advances

ns. This relatively short lifetime suggests efficient radiative
recombination processes, which are indicative of the excellent
photophysical properties of the carbon dots.

3.4. Detection of Fe(u) ions with CCDs

To determine the capability of synthesized CCDs to be used as
a fluorescent probe for Fe(ur) detection we investigated its
absorption and emission behavior in the presence of various
metal ions. 1 mM concentration of solutions of Ag(1), Al(m),
Ba(u), Cd(u), Co(u), Cu(u), Ca(n), Fe(ur), Hg(u), K(1), Mg(u), Na(i),
NH,(1), Ni(n), Pd(u), Zn(u), Pb(u), Fe(u), As(ur), Mn(u), Cr(m) and
V() ions were separately added to the CCD solution and the
resulting changes in fluorescence spectra were recorded at
450 nm with excitation wavelength of 350 nm. The addition of
Fe(m) ions resulted in complete quenching approximately 99%
of fluorescence emission. This could be attributed to the surface
functional groups on the CCDs such as -OH, -COOH, which can
form strong coordination complexes with Fe(u), enabling
selective detection.®® A progressive decrease in fluorescence
emission intensity was seen with increase in the concentration
from 50 uM to 1 mM of Fe(in) ions. In contrast, the introduction
of other trivalent ions such as Cr(m) and V(m) led to partial
fluorescence quenching, with reduction of approximately
51.18% and 42.59% respectively (Fig. 4a—c). All the other ions
exhibited minimal effect on the fluorescence quenching of
CCDs and the absence of significant spectral changes upon
exposure to most of the ions suggests that the CCDs exhibit
high selectivity toward Fe(ur).

Further to evaluate the limit of detection (LoD) fluorescence
titration of the CCDs was conducted by incubating them with
varying concentrations of Fe(m) solution, ranging from 50 uM to
1 mM (Fig. 4d). The LoD was calculated to be 223.2 pM. The
CCDs were synthesized from coconut coir, a natural, econom-
ical, biodegradable, renewable and sustainable precursor
without any additional surface passivation or utilization of
oxidizing agents to enhance the coordination interaction and
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Fig. 4 Selectivity plot of different metal ions on CCDs: (a) fluorescence intensity, (b) fluorescence quenching rate at 450 nm. (c) Fluorescence
emission plot of CCDs at different concentration of Fe() ions. (d) Limit of detection (LOD) plot of CCDs.

electron transfer among CCDs and Fe(u) ions. It may have
resulted in heterogeneous surface states and a relatively low
density of surface functional groups compared to surface
passivated carbon dot-based probes'®" and other synthetically
developed probes (Table 1). Simple single-step hydrothermal
route was adopted for the synthesis, compared chromenylium-
cyanine NIR fluorescent probe®* involving expensive synthetic
dye as precursor, complex synthesis steps and can undergo
photobleaching under prolonged exposure like Coumarin
Derivatives.*> While the Pterocarpus wood-based fluo-hydro-
gels®® can be unstable and the fluorescent properties may fade
in light or oxidative environments. 2-Phthalimidobenzoic acid
fluorescent probes®* contain aromatic structures hence

interference with other metal ions may lower the selective
detection capabilities of the probe. Bromine containing calori-
metric Fe(m) detectors such as 6-(6-bromopyridin-2-yl)benzo
[4,5]imidazo[1,2-c]quinazoline® involve multi step synthesis
and are not biocompatible. Whereas the synthesized CCDs
provides significant advantage of biocompatibility, selectivity
and cost-effectiveness towards Fe(m) detection for practical
applications in clinical diagnostics.

3.5. Method validation

The plot of fluorescence intensity versus different Fe(im)
concentration (Fig. 4d) revealed a linear relationship with
a high correlation coefficient (R* = 0.968) and the Stern-Volmer

Table 1 Summary of recent reported methods in literature for the detection of Fe(in) ions

Detection method Sensing material Detection mechanism LoD Reference

Ultraviolet-visible detection, Chromenylium-cyanine Pale-yellow to green, 79.7 nM 14

fluorescence detection near-infrared fluorescent probe turn-on fluorescence emission 24.0 nM

Colorimetric, Coumarin derivatives Yellow to shallow orange, 4.88 x 100’ M 15

fluorescence probe turn-on fluorescence emission

Fluorescence Pterocarpus wood-based fluo-hydrogels Quenching 1.17 pM 16

Fluorescence 2-Phthalimidobenzoic acid Quenching 3.73 uM 17

Calorimetric 6-(6-Bromopyridin-2-yl)benzo[4,5] Colorless to yellow 53.39 nM 18
imidazo[1,2-c]quinazoline

Fluorescence Coconut coir-based carbon dots Quenching 223.2 pM This work

41542 | RSC Adv, 2025, 15, 41537-41545

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03499j

Open Access Article. Published on 30 October 2025. Downloaded on 4/8/2026 2:31:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
10°
FECLEELEEILITTT r T —_ b IRF 340
97 : LA 9 y=a+b*x * 82} ) | : CCDs
- : H y =7.79 +22730.7x 5 @ CCDs +50 1M
, : : , R2=0.91 S 102 @ CCDs +100 uM
u 6 : : w 6 = @ CCDs + 500 uM
;o : * : ;o > i o g .
3 P e : 3 210’
: : Q
HE } B € et
P ALCLELTTTCELIRTTEE, . < m——
'y | * .".,. 0 100
0 200 400 600 800 - 0.0004 0.0006 0.0008 0 20 40 60 80 100
[Fe*] (uM) [Fe™1 (M) Time (ns)
Fig. 5 (a) Stern—Volmer plot of CCDS titrated by different concentration of Fe(i) ions and enlarge view of Stern—Volmer plot at higher

concentration of Fe(in) ions. (b) The effect of different concentrations of Fe(i) ions on the fluorescence decay curves of CCDs.

quenching constant (Kj,) of the synthesized CCDs by Fe(i), was
determined using the following Stern-Volmer (SV) equation:*

F
70: 1 + Ksv[Q]

where the Fo ratio showed fluorescence intensities of before and
after the addition of Fe(w) ions, [Q] is the quencher concen-
tration; 50 pM-1 mM of Fe(in) ions in this study.

As observed the fluorescence is quenched with increase in
the concentration (50 uM to 1 mM) of Fe(u) ions. The Stern-
Volmer plots depicted two distinct regions: at lower concen-
tration of Fe(ur) ions linear variation is observed because of
static quenching whereas deviation from linearity with
increasing concentrations of Fe(u) ions (Fig. 5a) was observed,
which could be attributed to dynamic quenching via electron
transfer or energy transfer between CCDs and Fe(u) ions.”” The
K, value was calculated to be 2.23 x 10* M, indicating
a strong quenching efficiency of CCDs toward Fe(m) ions
compared with those of most efficient fluorescent molecules.

Further the effect of varying Fe(u) ion concentrations on
fluorescence lifetime of CCDs were investigate. The average
fluorescence lifetime of CCDs was 4.33 ns and a gradual
decrease in the fluorescence lifetime of CCDs occurred with
increase in the concentration of Fe(m) ions (Fig. 5b). The
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Fig. 6 In vitro cytocompatibility of CCDs after (a) 24 and (b) 48 h.
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fluorescence life of 4.17 ns, 3.655 ns and 1.51 ns was observed
for 50, 100 and 500 pM concentration of Fe(u) ions respectively.
At low concentrations of Fe(u) ions, the fluorescence lifetime at
450 nm decreases gradually however as the concentration
increases rapid decrease is observed; which directly aligns with
Fe(m) concentration dependent fluorescence studies (Fig. 4c).
This signifies the combined effect of both static and dynamic
quenching of fluorescence intensity at varying concentrations of
Fe(m) ions; which could be attributed to the formation of stable
CCDs/Fe(m) complexes and electron transfer from the excited
state of the CCDs to Fe(m) ions respectively.’” These results
validate the interaction between CCDs and Fe(in) ions, enabling
high selective detection and their utilization as a fluorescent
probe for clinical diagnostic applications.

3.6. In vitro stability assay of CCDs

It is essential to assess the in vitro cytocompatibility of CCDs to
ensure their safety in viable cells. Therefore, we evaluated
whether the synthesized CCDs were compatible with L929 cells
after 24, 48 and 72 h (Fig. S4) of treatment. An MTT assay was
performed to determine cell viability. The CCDs were cyto-
compatible at concentrations up to 500 pg mL " and had no
significant toxicity in these cells (Fig. 6).>*
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Fig. 7 Fluorescence imaging of L929 cells incubated with CCDs (100 pg mL™?) for 7 h at 37 °C. (a) Control (b) L929 cells were incubated with
CCDs and various concentrations of Fe(in) (c) 30 uM, (d) 60 uM, (e) 120 uM, (f) 240 uM, (g) 480 uM, and (h) 920 pM.

3.7. Fe(m) sensing in 1929 cells

We checked the practicability of sensing Fe(m) in live cells using
the CCDs. L929 cells were co-incubated with CCDs (100 pg
mL ") for 24 h. Thereafter, the cells were examined under
a confocal microscope to determine the fluorescence intensity
of CCDs. The morphology of L929 cells remained intact and the
blue fluorescence was retained, reaching the cell nucleus via
endocytosis of CCDs. Furthermore, semi-quantitative analysis
of the sensing of Fe(u) at various concentrations (30-920 uM) by
CCDs was performed by treating the cells with Fe(u).*® By
introducing increasing quantities of Fe(in) ions, the fluorescent
signal in the living cells was gradually quenched (Fig. 7). Fluo-
rescence intensity (%) has been quantified vs. Fe(m) increasing
concentration (uM) in L1929 cells with respect to control
included in (Fig. S5). These results demonstrate that in living
cells Fe(m) can be detected using this fluorescent CCD probe,
highlighting its practical application.

4. Conclusion

In this study, waste biomass (coconut coir) was converted into
carbon dots (CCDs) via single-step hydrothermal process. The
CCDs were less than 10 nm in size, exhibited bright blue
emission at 450 nm under 350 nm excitation, with a quantum
yield of 45%. They were highly water soluble and depicted
a broad UV-Vis absorption band, attributed to T-=* and n-7*
transitions. The selective and sensitive detection of Fe(ur) ions
with the synthesized CCDs demonstrated a detection limit of
223.2 uM with a linearity (R*) = 0.968. The quenching studies
revealed synergistic effect of static and dynamic fluorescence
quenching. Cytocompatibility assays in L929 cells confirmed
stability and low toxicity up to 500 pg mL~'. These results
highlight the potential of synthesized CCDs as promising
probes for Fe(m) detection, with strong potential for

41544 | RSC Adv, 2025, 15, 41537-41545

applications in bioimaging, image-guided photodynamic
therapy, targeted drug delivery, and optoelectronic biosensing.
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