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on dots from Borreria hispida:
enhanced colorimetric sensing of Fe3+ ions and
biological applications in live cell imaging†

Shanmuga Priya S and Suseem SR*

This study presents the synthesis of advanced nanomaterials derived from the hedge-grown herbal plant,

Borreria hispida, and explores their environmental and biological applications. Using a one-step

hydrothermal synthesis method, carbon dots derived from Borreria hispida (BHCD) were fabricated and

thoroughly characterized through XRD, TEM, FTIR, CHNS, UV-visible, and PL spectroscopy analyses.

Under UV illumination, these plant-based carbon dots demonstrated exceptional water solubility, notable

photo stability, and a high quantum yield of 40.8%. The average particle size of BHCD was absorbed

around 0.5 to 3.5 nm, contributing to superior selectivity and sensitivity in detecting Fe3+ ions, with

a limit of detection of 1.2 × 10−6 M. Investigation into the sensing mechanism revealed a binding model

wherein two carbon atom molecules bind to one Fe3+ atom in a 2 : 1 ratio for BHCDs and Fe3+

interactions. Additionally, the effectiveness of the developed fluorescent probe for Fe3+ detection was

validated using real water samples from ponds and lakes, highlighting its potential for environmental

monitoring applications. Furthermore, the biological effects of BHCD were evaluated through cytotoxic

assays, demonstrating significant inhibitory effects on MCF7 breast cancer cell lines, with a maximum cell

viability of 60%. This research underscores the multifaceted potential of BHCD in environmental

monitoring and biomedical applications.
Introduction

Iron, an essential element for life and classied as a transition
metal, poses a signicant threat to human health due to the
increasing presence of Fe3+ ions in water resources. Elevated
levels of Fe3+ in the human body have been linked to various
health issues,1,2 including organ malfunctions such as those in
the heart, pancreas, and liver. Multiple sources contribute to the
rise of iron in drinking water, including the dissolution of
ironstones, contamination from industrial wastewater, corro-
sion of water pipes, and the use of construction materials in
drinking water resources.3,4 High concentrations of iron lead to
water turbidity, while low concentrations promote bacterial
growth, resulting in clogged water supply pipelines and
unpleasant odours. Furthermore, a heightened iron concen-
tration in water serves as an indicator for other heavy metals.5,6

The prevalence of iron in the environment and water resources
surpasses that of other heavy metal ions like lead and mercury.
Therefore, active, and precise monitoring of Fe3+ in drinking
water is crucial.7–9
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To achieve sustainable progress, it is crucial to recognize and
eliminate harmful pollutants. However, the scientic commu-
nity faces a signicant challenge in integrating both aspects:
identication and removal on a single platform.10–12 Promising
technologies for detecting and eliminating toxic contaminants
utilize uorescence sensing and photo-degradation-based
methods. These approaches are preferred for their numerous
benets, such as their ability to operate swily and straight-
forwardly, coupled with an energy-efficient mechanism.13–15

In the eld of materials science, researchers have harnessed
the enticing properties of nanomaterials like carbon dots (CDs),
encompassing uorescence, water solubility, exceptional
thermos photo-stability, and either low or non-toxicity, along
with the potential for scalable production.16–18 Through
successful endeavours, they have synthesized quasi-spherical
nano-sized CDs (<10 nm) using both top-down and bottom-up
approaches. These methodologies yield CDs with a graphitic,
crystalline, or amorphous sp2 hybridized carbon core and an
oxidized carbon surface.19–21 In nanomaterial synthesis, top-
down methodologies involve fragmenting carbon matter into
carbon nanoparticles using diverse techniques such as arc
discharge, laser ablation, electrochemistry, and wet oxidation.
Conversely, the bottom-up approach entails transforming small
carbon precursor molecules (such as citric acid, urea, or
glucose) into carbon dots (CDs) of specic sizes.20–22

Researchers achieve this conversion using hydrothermal,
RSC Adv., 2024, 14, 17471–17479 | 17471
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ultrasonic, thermal decomposition, pyrolysis, carbonization,
microwave synthesis, and solvothermal processes.23–25 Among
the bottom-up approaches, pyrolysis is widely employed. In this
process, organic material sourced from carbon undergoes
a series of steps, including heating, dehydration, degradation,
and carbonization under elevated temperatures in either
vacuum or inert atmospheres.26–28 These CDs fall under
sustainable nanotechnology, given the prevalent use of various
plants, fruits, or bio-waste as carbon precursors.29 These CDs
nd vast and impactful applications across diverse elds such
as bioimaging, cancer therapy, drug delivery, optoelectronic
devices (including solar cells and light-emitting devices),
catalysis, supercapacitors, agriculture, and optical sensors
designed for detecting pollutants and heavy metals.30

To bridge the gap, we propose exploring the synthesis of
carbon dots derived from hedge-grown plants. We will investi-
gate these carbon dots, previously reported from edible plants
like bananas and well-known herbal plants like Tulsi, for their
environmental and biological applications, as work has yet to be
reported on hedge-grown plants, particularly this plant (Borreria
hispida). This study promises to contribute signicantly to the
eld by expanding the path of carbon dots sources and
unlocking new possibilities for their utilization in diverse
technological and biomedical applications. By exploring this
unreported approach in Borreria hispida, we aim to ll a critical
void in the existing body of knowledge and pave the way for
future advancements in carbon dot research. The novelty of this
material lies not only in its botanical origin but also in its
unexplored potential for specic applications such as metal
sensing and bioimaging.
Materials and methods
Chemicals and reagents

The collected plant, Borreria hispida, was authenticated by the
Botanical Survey of India, with the voucher specimen (BSI/SRC/
5/23/2023-24/Tech/8). For the study, several substances were
obtained, including dialysis membrane-60, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
dimethyl sulfoxide (DMSO), 1X Antibiotic Antimycotic Solution,
and 10% fetal bovine serum from Sigma Aldrich. Additionally,
1X Phosphate Buffered Saline (PBS) (Himedia, India), DAPI
(40,6-diamidino-2-phenylindole), an Optika IM-3FL4 uorescent
microscope (Optika, Germany), and cancer cell lines (MCF7)
were acquired from the NCCS Pune.
Characterization techniques

Various analytical methods were applied to the acquired BHCD.
These encompassed Fourier Transform Infrared Spectroscopy
(HITACHI), UV-visible absorbance spectroscopy (Jasco V-670) to
establish the excitation range of the sample, and the examina-
tion of uorescence properties using Fluorescence Spectroscopy
(HITACHI F7000). Elemental analysis, determining the
percentages of carbon, hydrogen, nitrogen, and sulfur in carbon
dots, was conducted using a PerkinElmer−2400 CHNS/O series.
The material's structure was elucidated through XRD analysis
17472 | RSC Adv., 2024, 14, 17471–17479
using a Bruker D8 Advance, while SEM analysis was carried out
utilizing a Carl Zeiss EVO/18 Research microscope. High-
Resolution Transmission Electron Microscopy (HR-TEM) was
conducted using the FEI-Tecnai G2 20 Twin instrument, and X-
ray Photoelectron Spectroscopy (XPS) was performed with the
ULVAC-PHI Versa Probe 4. The synergy H1 microplate reader
(Biotek) conducted the MTT assay, and uorescence images
were captured using the RTC-7 CON inverted uorescence
microscope.
Sample preparation for sensing

We used distilled water to prepare a stock solution of BHCD (1
× 10−2 mol L−1). Fe3+ was generated by dissolving FeCl3 in
water to achieve a concentration of 0.1 mol L−1. Additionally,
various anion stock solutions (Se2+, Bi2+, Li2+, Ni2+, Fe3+, Na2+,
Cr2+, Ba2+, Ca2+, Cu2+) were prepared using distilled water at
a concentration of 0.1 mol L−1. These solutions were diluted
to attain a uniform 1 × 10−2 mol L−1 concentration. All
subsequent optical spectral characterization studies utilized
these precisely calibrated stock solutions, ensuring the accu-
racy and reliability of our experimental setup. This prepara-
tion establishes a solid foundation for further analytical
investigations.
Experimental section
Plant selection and collection

We selected Borreria hispida among the hedge-grown herbal
plants for our work due to its remarkable therapeutic proper-
ties and reported pharmacological activities. The methanolic
extract of Borreria hispida seeds demonstrated anticancer
activity,31 while the leaves exhibited anti-inammatory
activity.32 Consequently, we decided to explore the novel
application of Borreria hispida-derived carbon dots for metal
sensing and cell imaging. In August, we collected the plant in
Village C.N. Pattadai, Vellore, Tamil Nadu, India. The plant,
fully matured and grown in loam soil, was shade-dried for two
weeks, powdered using an electric grinder, and stored for
further use.
Synthesis of carbon dots (BHCD)

To synthesize carbon dots using the one-pot hydrothermal
method with Borreria hispida, dissolve 5 g of powdered leaves of
Borreria hispida in 125 mL of deionized water. Stir the mixture
for 10 minutes and subject it to 10 minutes of sonication.
Transfer the solution into a Teon-lined autoclave and place it
in a muffle furnace at 180 °C for 4 hours. Aerward, lter the
solution using Whatman lter paper. Take the ltrate to sepa-
rate large molecules through the dialysis method. Pack the
solution into a membrane bag and allow it to contact Milli-Q
water for purication over 14 hours. Finally, refrigerate the
puried solution at 4 °C for future use. Scheme 1 explains this
one-step synthesis using an herbal plant for producing
sustainable carbon dots.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route of Borreria hispida based carbon dots
through hydrothermal reaction.

Fig. 2 (a) HR-TEM images of BHCD. (b) Size distribution graph for
BHCD. (c) SAEDP images of BHCD.
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Results and discussions
Structural characterization

The utilization of Borreria hispida, identiable by its white
owers, holds substantial promise as a natural source for
producing carbon quantum dots (CQDs) owing to its abundant
carbon, oxygen, and nitrogen elements across the entire plant
structure. We employed a one-step hydrothermal synthesis
method, yielding a CQD solution displaying a faint brown
colour, indicative of the successful carbonization of the Borreria
hispid plant material. Notably, the CQD solution showcased
a measured pH of approximately 6, suggesting the presence of
surface functional groups such as –OH and –COOH.

The interpreted peaks from the Fourier Transform Infrared
(FT-IR) spectra, illustrated in Fig. 1(a), are compelling evidence
conrming the diverse chemical functionalities within the
CQDs. Specically, a medium peak observed around 3343 cm−1

implies the stretching of O–H and N–H bonds, indicating the
presence of aliphatic primary amines. Additionally, the
1636 cm−1 and 1403 cm−1 peaks correspond to the C]O
stretching and COO– stretching vibration.

To obtain X-ray diffraction (XRD) patterns for Thin-Layer
Chromatography Liquid Crystal Displays (BHCDs), we applied
a solution of BHCDs onto a pristine glass slide, le it to desic-
cate overnight at 50 °C, resulting in the formation of a thin lm,
as depicted in Fig. 1(b). We determined the interplanar distance
(d-spacing) values for BHCDs using Bragg's equation, involving
parameters such as the value of theta, which is 23.85, and the
plane value of 002, consistent with that previously reported for
CDs (position of the plane), n (a positive integer – in this case,
1), and l (wavelength of the incident X-rays, where l = 1.54 Å).
Fig. 1 (a) FT-IR spectrum of BHCD. (b) Powder X-ray diffraction
(PXRD) of BHCD.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Furthermore, we computed interatomic distances (a), with ‘d’
representing the interplanar distance and h, k, and l denoting
the Miller indices.

Through elemental analysis, we discerned the weight
percentages of the constituent elements: carbon (41.57%),
hydrogen (8.07%), nitrogen (11.75%), and sulfur (26.06%).
Transmission Electron Microscopy (TEM) results, displayed in
Fig. 2(a), revealed that the BHCDs exhibited a conned diam-
eter range of 0.5–3.5 nm, showcasing an average crystallite size
of 2 nm. The histogram in Fig. 2(b) visually portrays the size
distribution of over 30 nanoparticles.

In Fig. 3, we employed X-ray photoelectron spectroscopy
(XPS) to analyse the synthesized carbon quantum dots (CQDs)
for surface functional groups, chemical composition, and
elemental states. The XPS full survey spectrum of CQDs showed
distinct peaks at 529.3 eV, 284.4 eV, and 403.9 eV, correspond-
ing to O 1s, C 1s, and 1N elements, respectively Fig. 4(a). We
deconvoluted the high-resolution C 1s spectrum into three
individual component peaks cantered at 282.4 eV, 283.5 eV, and
286.2 eV Fig. 4 (c). The deconvolution of the O 1s spectrum
revealed three peaks at 530.4 eV, indicating oxygen functional
groups on the surface of the carbon dots. Furthermore, the
deconvolution of the N 1s signal in Fig. 4(b), observed at
405.3 eV, represented C–N, suggesting a low content of carbon-
bonded nitrogen on the CQDs' surface. The high-resolution S 2p
spectrum displayed three peaks at 166.3 eV, signifying the
presence of C–S bonds within the carbon dots, as shown in
Fig. 4(d). These results suggest that the synthesized CQDs are
Fig. 3 XPS spectrum of BHCD.

RSC Adv., 2024, 14, 17471–17479 | 17473
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Fig. 4 XPS spectrum in (a) C 1s region. (b) N 1s region. (c) O 1s region.
(d) S 2p region.

Fig. 6 (a) UV-vis spectrum of BHCD (1 × 10−2 M) in water. (b) Fluo-
rescence spectrum of BHCD (1 × 10−2 M) in water.
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carbon-rich, and their functional groups predominantly consist
of oxygen, nitrogen, and sulphur.

Optical properties

The UV-vis spectra revealed two distinct bands, each conveying
signicant transitions. At 210 nm, a distinct band indicated the
p to p* transition, characterized by higher energy levels as
shown in Fig. 6. Conversely, the band at 288 nm corresponded
to the n to p* transition, similarly denoting higher energy
involvement. The different concentrations of BHCD in different
regions as shown in Fig. 5.

Intriguingly, the uorescence spectra exhibited an emission
peak at 475 nm. Notably, the naked eye immediately and
Fig. 5 (A) Visible region (B) UV region, (C) FL region in the concen-
trations of (a) 1 M, (b) 0.1 M, (c) 0.01 M, (d) 0.001 M, and (e) 0.0001 M.

17474 | RSC Adv., 2024, 14, 17471–17479
noticeably perceived a change in colour upon observing the
BHCDs compound, shiing from a light brown shade to
a vibrant yellow shade.

Fluorescence spectroscopy analysis of the synthesized
BHCDs is conducted under various wavelengths, as depicted in
Fig. 7. Exciting CDs with shorter wavelengths increase their
energy, enabling electrons to transition to higher vibrational
states this reduction in emission energy results in an
enhancement of Stokes shis and a decrease in uorescence
intensity. The peak position shis towards longer wavelengths
as the excitation wavelength ranges from 240 to 480 nm.

Metal ion sensing

Selectivity studies. We utilized uorescence spectroscopy for
selectivity studies to evaluate the metal ion sensing capabilities
of BHCDs. Aqueous solutions of various metal ions (Se2+, Bi2+,
Li2+, Ni2+, Fe3+, Na2+, Cr2+, Ba2+, Ca2+, Cu2+) were prepared using
their respective chemical salts. The objective was to investigate
the selectivity of BHCDs concerning these metal ions. We
incubated 0.2 mL of each metal ion for these experiments with
a 1.8 mL solution of diluted BHCDs. This incubation lasted for
15 minutes, resulting in a nal volume of 2 mL for each solution
and a concentration of 200 mM for every metal ion. During this
examination, Fig. 8 illustrates the absorbance, and the response
of Fe3+ ions was particularly intriguing. Notably, the presence of
Fe3+ induced a red shi in the uorescence spectra, suggesting
a distinctive response from BHCDs in the presence of this
specic metal ion.
Fig. 7 The fluorescence spectrum of BHCD in various excitation
wavelengths.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Selectivity studies of BHCD with various metal cations.
Fig. 10 The UV-vis spectrum of BHCD towards various concentra-
tions of Fe3+.
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However, observations indicated that other metals did not
induce signicant changes in the absorbance spectra, implying
a lack of substantial interaction or response from BHCDs in
their presence. Fig. 9(i) and (ii) show noticeable colour changes
in visible and UV light images upon detecting Fe3+ metal using
BHCD and different concentrations. The observed changes
demonstrate BHCD's sensitivity to Fe3+, with clear visible and
UV spectra alterations. This visual representation emphasizes
the effectiveness of BHCD as a Fe3+ detection sensor.

Sensitivity studies. To conrm the interaction between Fe3+

ions and BHCDs, we investigated thoroughly to identify
potential complex formation between the metal ions and the
compound. Our focus cantered on examining the absorption
spectra of BHCDs following the incremental addition of Fe3+

ions. The absorption band at 204 nm gradually decreased, while
a new band emerged at 309 nm as shown in Fig. 10. This shi in
the spectra strongly suggests a dynamic interaction between
Fe3+ ions and BHCDs, with the diminishing intensity at 204 nm
indicating a decline in the initial absorption band coinciding
with the addition of Fe3+ ions.

Simultaneously, a distinct absorption band at 309 nm hints
at forming a new entity resulting from the interaction between
Fig. 9 Colorimetric study of the BHCD (1× 10−2 M) to the metals (i) (a)
BHCD (b) Se2+, (c) Bi2+, (d) Li2+, (e) Ni2+, (f) Na2+, (g) Fe3+, (h) Fe3+, (i)
Cr2+, (j) Ba2+, (k) Ca2+. (ii) (a) 0 ml, (b) 10 ml, (c) 20 ml, (d) 30 ml, (e) 40 ml, (f)
50 ml, (g) 60 ml, (h) 70 ml, (i) 80 ml, (j) 90 ml of Fe3+ in the concentrations
of BHCD (1 × 10−2).

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fe3+ ions and BHCDs. This spectral evolution strongly suggests
the potential formation of a compound due to the interaction
between the metal ions and BHCDs, shedding light on the
intricate nature of their interplay.

Binding studies. To investigate the binding affinity of Fe3+

ions with BHCDs, we conducted a comprehensive analysis
using Job's plot, meticulously tracking absorbance changes
across varying Fe3+ ion concentrations.

Furthermore, we determined the detection limit (LOD) and
quantication limit (LOQ) using the standard formula Ks/s,
with K values of 3 for LOD and 10 for LOQ, as shown in Fig. 12(a)
and (c). Consequently, we established the LOD and LOQ values
for BHCDs as 1.2 × 10−6 M and 4.2 × 10−7 M, respectively.

By utilizing Job's plot, we successfully ascertained the stoi-
chiometric ratio of BHCDs to Fe3+ ions as 2 : 1 as shown in
Fig. 13. Moreover, we deduced the binding constant by assess-
ing the ratio between the intercept and slope derived from
observable colour changes upon the addition of Fe3+ ions to
BHCDs under visible light conditions. The construction of the
Bansi–Hildebrand plot, illustrated in Fig. 11 using the standard
BH formula, claries this binding constant determination
Fig. 11 Benesi–Hildebrand plot of BHCD toward Fe3+.

RSC Adv., 2024, 14, 17471–17479 | 17475
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Fig. 14 pH studies of BHCD with Fe3+ in different pH levels.

Fig. 15 Interference studies BH + Fe3+ with various metal cations (1)
Se2+, (2) Bi2+, (3) Li2+, (4) Ni2+, (5) Na2+, (6) Cr2+, (7) Ba2+, (8) Ca2+, (9)
Cu2+.

Fig. 12 (a) Calibration plot for BHCD with Fe3+. (b) Calibration plot
(linear fit) in the region of 50 to 100 ml.

Fig. 13 Jobs plot for BHCD in different mole fraction of Fe3+.
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process. The quantication of the binding efficiency of Fe3+ ions
with BHCDs was calculated as 4.77× 102 M−1, underscoring the
robust binding affinity and selectivity of BHCDs, specically for
Fe3+ ions. This rigorous analysis illuminates the profound
interaction and binding capabilities of BHCDs towards Fe3+

ions.
pH studies. Nanoparticles signicantly inuence the

stability and sensing capabilities, with the pH of the medium
playing a crucial role. To enhance the sensing potential of
BHCDs for Fe3+, we conducted experiments across a pH range of
1 to 12, controlling the pH using NaOH (0.1 M) for alkaline
conditions and HCl (0.1 M) for acidic conditions. We recorded
absorption spectra at room temperature, and Fig. 14 displays
the absorbance vs. pH graph, demonstrating that BHCDs
effectively recognize Fe3+ over a broad pH spectrum. We con-
ducted further investigations to determine the binding stoi-
chiometry of the BHCDs-iron complex.

Interference studies. We aimed to explore the interference
potential of various anions on the accurate detection of iron
metal by monitoring alterations in the absorption spectrum of
the BHCD-Fe3+ solution. To assess this, we introduced 10
equivalents of diverse competing metals, encompassing Se2+,
Bi2+, Li2+, Ni2+, Na2+, Cr2+, Ba2+, Ca2+, and Cu2+ ions. Interest-
ingly as shown in Fig. 15, our observations revealed no
discernible shis in spectral changes or deviations in absorp-
tion maxima within the BHCD-Fe3+ solution, particularly at
345 nm. This recent project signies the development of
a sensing probe, displaying a signicant leap forward compared
17476 | RSC Adv., 2024, 14, 17471–17479
to previously documented chemical-based probes. This explo-
ration highlights the robustness and specicity of the BHCD-
Fe3+ system as a potential sensing tool, offering enhanced
accuracy in hypochlorite detection and setting a new bench-
mark in sensing technology.

Mechanism of Fe3+ sensing by BHCD. FT-IR spectroscopy
revealed the presence of functional groups in the carbon dots.
The C]O and COO– groups were conrmed at peaks around
1636 cm−1 and 1403 cm−1, respectively, while the O–H and N–H
groups were identied at a peak around 3343 cm−1, suggesting
the existence of secondary amines. In XPS analysis, the alde-
hyde (C–OH) group was identied at a binding energy of
286.2 eV in the C 1s spectrum. The ketone (C]O) and aldehyde
(C–OH) groups were also observed at binding energies of
531.2 eV and 523.3 eV, respectively. The presence of the
secondary amine (N–H) group was conrmed at a binding
energy of 401.2 eV. Carbon, nitrogen, and oxygen were detected
in the carbon dots, indicating the presence of functional groups
such as OH, carbonyl (aldehyde, ketone), and amine. All these
functional groups contain lone pairs that can donate electrons
to the metal's empty d orbitals, forming coordinate bonds. This
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Cell viability graph of BHCD using MTT assay.
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interaction results in changes in absorbance, providing insight
into the mechanism through which carbon dots detect Fe3+.

Real-time water analysis.We evaluated the practical utility of
BHCDs in detecting specic metal ions using tap water samples
collected from our laboratory and pond and lake water obtained
from Jambukulam, Vellore, spiked with a known concentration
(50 mM) of Fe3+ ions. We ltered the water samples using 20 nm
lter paper to remove impurities. Subsequently, we introduced
varying concentrations of Fe3+, ranging from 0 to 20 mM, into
the ltered samples. We measured the emission intensity at
475 nm during excitation to determine the Fe3+ concentration
as shown in Fig. S2.† A standard UV-vis spectrum was a refer-
ence to validate the Fe3+ concentration in actual water samples.
By comparing the emission intensities obtained from the water
samples with the calibration curve, we estimated the corre-
sponding Fe3+ concentrations. The comprehensive analysis of
diverse water samples illustrated the accurate detection of the
target compound. Importantly, we achieved recovery rates
ranging from 98.6% to 104.3% using the BHCDs probe for Fe3+

detection, robustly conrming the efficiency of the BHCDs
probe in the precise and quantitative detection of Fe3+ in real-
world water samples.
Fig. 18 Confocal fluorescence images of MCF-7 living cells incubated
with CDs (a) control. (b) Minimum concentration. (c) IC50. (d)
Maximum concentrations.
Bio imaging

The cytotoxic effects of Borreria hispida derived carbon dots
(BHCD) were studied using MCF7 (Michigan Cancer
Foundation-7) cell lines, known to cause breast cancer in
humans. For this study, BHCD concentrations ranging from
62.5 to 500 mg mL−1 were examined via the MTT assay to eval-
uate their impact on cell viability. Cytotoxicity tests were con-
ducted on MCF-7 cells treated with BHCD at 62.5, 125, 250, and
500 mg mL−1 concentrations, as depicted in Fig. 16. At the
maximum concentration of BHCD (500 mg mL−1), cell viability
was observed to be 60%, as illustrated in Fig. 17.

Therefore, we suggest that BHCD exhibits a good level of
cytotoxicity. The 60% cell viability result indicates that these
carbon dots possess the potential for cytotoxicity against MCF7
cell lines.

Additionally, Fig. 18c and d display IC50 and maximum
concentration of BHCD-treated MCF7 cells, showing a color
Fig. 16 In vitro confocal microscopic imaging of MCF7 cells (a) control
(b) 62.25 mg mL−1 (c) 125 mg mL−1 (d) 250 mg mL−1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
change from dark green to light green as shown in Fig. 18. The
IC50 concentration results in a partial color change, while the
maximum concentration induces a complete color change
compared to the control. The loss in membrane integrity and
apoptotic induction, indicated by light green fragmented cells,
is more pronounced in the maximum concentration group
compared to the other treated cell lines exhibiting color
changes in increasing order. The investigation conrms that
BHCD-induced apoptosis is linked to ROS formation. From this
assay, we conclude that increasing concentration correlates
with an increasing color change, reecting the cytotoxicity of
BHCD against MCF7 cell lines.
Conclusion

The synthesis of Borreria hispida carbon dots (BHCDs) from
plant leaves has yielded remarkable nanomaterials with excep-
tional physicochemical properties. With an average particle size
of merely 3.33 nm, high water solubility, remarkable photo-
stability, and a substantial quantum yield of 40.8%, they
RSC Adv., 2024, 14, 17471–17479 | 17477
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demonstrate immense potential as a colorimetric probe for Fe3+

detection. The binding model, revealing a 2 : 1 ratio of BHCDs
through a jobs plot, further accentuates their high selectivity
and sensitivity, achieving an impressively low detection limit for
Fe3+ ions. Validation using real water samples from natural
environments such as ponds and lakes conrms the effective-
ness of these BHCDs for practical environmental monitoring
applications, positioning them as promising tools for sensitive
and selective Fe3+ detection in real-world scenarios. The anti-
cancer activity of BHCD against MCF7 breast cancer cell lines
and the resulting 60% cell viability indicate a signicant
potential in biological applications.
Conflicts of interest

The author declares no competing nancial interest.
References

1 M. Vora, S. Dey, A. Kongor, M. Panchal, A. Verma,
N. Padhiyar and V. K. Jain, Design of bi-pyrene
functionalized oxacalixarene probe for ratiometric
detection of Fe3+ and PO4

3- ions, J. Mol. Liq., 2022, 350,
118601.

2 L. Liu, J.-M. Li, H.-J. Wang, M.-D. Zhang, Y. Xi, J. Xu and
Y.-Y. Huang, Study on Fluorescence Recognition of Fe3+,
Cr2O7

2− and p-Nitrophenol by a Cadmium Complex and
Related Mechanism, Molecules, 2023, 28, 1848.

3 D. Mukherjee, A. Pal, S. C. Pal, A. Saha and M. C. Das, A
highly selective MOF-based probe for turn-on luminescent
detection of Al3+, Cr3+, and Fe3+ in solution and test paper
strips through absorbance caused enhancement
mechanism, Inorg. Chem., 2022, 61(42), 16952–16962.

4 K. Vijay, M. Shibasini, P. Sivasakthivelan and T. Kavitha,
Microbial siderophores as molecular shuttles for metal
cations: sources, sinks and application perspectives, Arch.
Microbiol., 2023, 205(9), 322.

5 N. Marsidi, H. Abu Hasan and S. R. S. Abdullah, A review of
biological aerated lters for iron and manganese ions
removal in water treatment, J. Water Process Eng., 2018, 23,
1–12.

6 K. N. Palansooriya, Y. Yang, Y. F. Tsang, B. Sarkar, D. Hou,
X. Cao, E. Meers, J. Rinklebe, K.-H. Kim and Y. S. Ok,
Occurrence of contaminants in drinking water sources and
the potential of biochar for water quality improvement:
a review, Crit. Rev. Environ. Sci. Technol., 2020, 50, 549–611.

7 M. Braim, Investigating the binding capabilities of triazole-
calix [4] arene functionalized microcantilever sensors
toward heavy metals in aqueous solution, PhD diss.,
Memorial University of Newfoundland, 2017, pp. 83–90.

8 A. Mohamed, R. R. Atta, A. A. Kotp, F. I. Abo El-Ela, H. Abd El-
Raheem, F. Ahmed, D. H. M. Alkhalifah, W. N. Hozzein and
R. Mahmoud, Green synthesis and characterization of iron
oxide nanoparticles for the removal of heavy metals (Cd2+

and Ni2+) from aqueous solutions with Antimicrobial
Investigation, Sci. Rep., 2023, 13, 7227.
17478 | RSC Adv., 2024, 14, 17471–17479
9 M. H. Ehrampoush, M. Miria, M. H. Salmani and A. Hossein
Mahvi, Cadmium removal from aqueous solution by green
synthesis iron oxide nanoparticles with tangerine peel
extract, J. Environ. Health Sci. Eng., 2015, 13, 1–7.

10 B. H. Usher, L. M. Cruywagen, E. De Necker and
F. D. I. Hodgson, On-site and laboratory investigations of
spoil in opencast collieries and the development of acid-
base accounting procedures, Water Research Commission
Report, 2003, vol. 1055, p. , p. 3.

11 H. M. Alshuwaikhat and I. Abubakar, An integrated
approach to achieving campus sustainability: assessment
of the current campus environmental management
practices, J. Cleaner Prod., 2008, 16, 1777–1785.

12 M. Arabi, A. Ostovan, J. Li, X. Wang, Z. Zhang, J. Choo and
L. Chen, Molecular imprinting: green perspectives and
strategies, Adv. Mater., 2021, 33, 2100543.

13 M. Mubarrat, M. M. Mashfy, T. Farhan and M. Monjurul
Ehsan, Research advancement and potential prospects of
thermal energy storage in concentrated solar power
application, Int. J. Thermouids, 2023, 100431.

14 N. Hossain, Md H. Mobarak, M. Akter Mimona, Md A. Islam,
A. Hossain, F. Tuz Zohur and M. A. Chowdhury, Advances
and signicances of nanoparticles in semiconductor
applications–A review, Results Eng., 2023, 101347.

15 R. Mansoor and M. Tahir, Recent developments in natural
gas aring reduction and reformation to energy-efficient
fuels: a review, Energy Fuels, 2021, 35, 3675–3714.

16 J. Liu, R. Li and B. Yang, Carbon dots: a new type of carbon-
based nanomaterial with wide applications, ACS Cent. Sci.,
2020, 2, 179–2195.

17 W. Meng, X. Bai, B. Wang, Z. Liu, S. Lu and B. Yang,
Biomass-derived carbon dots and their applications, Energy
Environ. Mater., 2019, 2, 172–192.

18 S. Sun, L. Zhang, K. Jiang, A. Wu and H. Lin, Toward high-
efficient red emissive carbon dots: facile preparation,
unique properties, and applications as multifunctional
theranostic agents, Chem. Mater., 2016, 28, 8659–8668.

19 D. Ghosh, K. Sarkar, P. Devi, K.-H. Kim and P. Kumar,
Current and future perspectives of carbon and graphene
quantum dots: from synthesis to strategy for building
optoelectronic and energy devices, Renewable Sustainable
Energy Rev., 2021, 135, 110391.

20 M. Jorns and D. Pappas, A review of uorescent carbon dots,
their synthesis, physical and chemical characteristics, and
applications, Nanomaterials, 2021, 11, 1448.

21 N. Baig, I. Kammakakam and W. Falath, Nanomaterials, A
review of synthesis methods, properties, recent progress,
and challenges, Mater. Adv., 2021, 2, 1821–1871.

22 D. Huang, Y. Chen, M. Cheng, L. Lei, S. Chen, W. Wang and
X. Liu, Carbon Dots-Decorated Carbon-Based Metal-Free
Catalysts for Electrochemical Energy Storage, Small, 2021,
2002998.

23 M. T. H. Siddiqui, S. Nizamuddin, H. Ahmed Baloch,
N. M. Mubarak, D. K. Dumbre Inamuddin, A. M. Asiri,
A. W. Bhutto, M. Srinivasan and G. J. Griffin, Synthesis of
magnetic carbon nanocomposites by hydrothermal
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01686f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/2
6/

20
26

 3
:4

9:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
carbonization and pyrolysis, Environ. Chem. Lett., 2018, 16,
821–844.

24 K. Li, W. Liu, Y. Ni, D. Li, D. Lin, Z. Su and G. Wei, Technical
synthesis and biomedical applications of graphene quantum
dots, J. Mater. Chem. B, 2017, 5, 4811–4826.

25 C. Yuwen, B. Liu, Q. Rong, L. Zhang and S. Guo, Self-
activated pyrolytic synthesis of S, N and O co-doped porous
carbon derived from discarded COVID-19 masks for
lithium sulfur batteries, Renewable Energy, 2022, 192, 58–66.

26 N. Abid, A. M. Khan, S. Shujait, K. Chaudhary, M. Ikram,
M. Imran, J. Haider, M. Khan, Q. Khan and M. Maqbool,
Synthesis of nanomaterials using various top-down and
bottom-up approaches, inuencing factors, advantages,
and disadvantages: a review, Adv. Colloid Interface Sci.,
2022, 300, 102597.

27 D. Lombardo, P. Calandra, L. Pasqua and S. Magazù, Self-
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