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ved from Averrhoa bilimbi fruit for
the detection of cholesterol and chromium(VI)

Aishwarya Joji Mathew,a Varsha Lisa John,a P. S. Aiswaryaa and T. P. Vinod *ab

Carbon dots (CDs) are a class of carbon-based nanomaterials, typically less than 10 nm in size, known for

their unique optical and electronic properties. Their discovery led to the opening of new avenues in

nanotechnology, particularly in the field of fluorescence-based sensing. Owing to their strong

photoluminescence, excellent aqueous solubility, low cytotoxicity, and potential surface

functionalization, CDs have been considered as effective fluorescent probes for the detection of a wide

range of analytes. Herein, we report the hydrothermal synthesis of CDs from a natural source, Averrhoa

bilimbi fruit, leading to the formation of CDs exhibiting useful photoluminescent properties and potential

for selective detection of cholesterol and Cr(VI) ions. The average particle size of Averrhoa bilimbi fruit-

derived CDs (AB-CDs) was found to be 6.022 nm. The properties of AB-CDs were unravelled from

structural and optical characterization and the applicability of AB-CDs as sensors for heavy metals and

biomarkers was studied. The selective fluorescence response towards cholesterol and Cr(VI) makes it an

efficient fluoroprobe for practical applications. The limits of detection for the sensing of cholesterol and

Cr(VI) were estimated to be 0.31 mM and 1.71 mM respectively. The sensor system using AB-CDs is

economical, sustainable, and eco-friendly.
1. Introduction

Carbon dots (CDs) are zero dimensional, uorescent nano-
materials with quasi-spherical structure, exhibiting sizes
ranging between 1–10 nm.1 CDs were accidently discovered in
2004 during the electrophoretic purication of single walled
carbon nanotubes (SWCNTs).2 CDs are water-soluble nano-
particles consisting of a graphitic core surrounded with func-
tional groups such as –OH, –COOH, –NH2, or H atoms. CDs
have attracted interest as uorescent sensors because of their
unique optical behaviour, high biocompatibility, and facile
surface modication.3,4 Employing CDs for uorescence
sensing applications holds great promise as they can be
prepared from cheaper sources, and the detection of analytes
using CDs is generally rapid and cost-effective.5–9 CDs can be
synthesized from both natural and synthetic sources. CDs
prepared from natural sources have gained popularity as they
follow a green approach based on sustainability, cost-
effectiveness, and easy access to precursors.10 In this study, we
report a green, facile, and straightforward one-pot hydro-
thermal synthesis of CDs from Averrhoa bilimbi. Averrhoa bi-
limbi, commonly known as bilimbi, belongs to the Oxalidaceae
family, and is widely grown in tropical regions for its
, Hosur Road, Bengaluru 560029, India.
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nutritionally rich fruits. Bilimbi fruit serves as an eco-friendly,
cost-effective, and sustainable precursor, enabling the green
synthesis of highly uorescent, water-soluble CDs suitable for
sensing applications. Usage of Averrhoa bilimbi as a precursor of
CDs for the multi analyte sensing of Cr(VI) and cholesterol has
not been reported to date.

Heavy metal pollution poses a serious global environmental
threat, primarily due to the release of inorganic industrial
effluents into aquatic systems.11 Among these, Cr(VI) is of
particular concern because of its high toxicity, carcinogenicity,
and environmental persistence.12 Cr(VI) readily penetrates bio-
logical membranes, inducing oxidative stress and DNA damage,
which can lead to severe health disorders.13 Consequently, the
sensitive and selective detection of Cr(VI) is essential for effec-
tive environmental monitoring. Traditional analytical methods,
including chromatographic methods like gas chromatography,
high-performance liquid chromatography, inductively coupled
plasma optical emission spectrometry (ICP-OES), inductively
coupled plasma mass spectrometry (ICP-MS) and atomic
absorption spectroscopy (AAS), have been widely used for heavy
metal ions detection.14 However, these methods have several
limitations, such as high instrument costs, complex sample
preparation, lack of portability, and the need for trained
personnel.15 Considerable efforts have been dedicated to
develop cost-effective and selective uorescent sensors for
detecting heavy metals, as the uorometric approach offers
several advantages, including high sensitivity, fast response,
and low cost.16 Cholesterol plays a vital role in physiological
© 2026 The Author(s). Published by the Royal Society of Chemistry
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processes such as hormone synthesis, vitamin D production,
and maintenance of cell membrane integrity.17 However,
elevated levels of low-density lipoprotein (LDL) cholesterol,
commonly referred to as “bad cholesterol,” are associated with
adverse health effects, including impaired blood ow, arterial
plaque formation, peripheral artery disease, and an increased
risk of stroke and cardiovascular disorders.18 Detection of
cholesterol using the conventional techniques possess many
limitations, due to which the rapid and selective detection of
cholesterol is essential. Therefore, the need for uorescence
sensing of biomolecules arises from the demand for rapid,
specic, sensitive, cost effective, user-friendly, and real-time
detection.

We report the synthesis of Averrhoa bilimbi fruit-derived CDs
(AB-CDs), which exhibited multi-analyte sensing capability by
selectively detecting both Cr(VI) ions and cholesterol. Owing to
its sustainable, renewable, eco-friendly, cost-effective, and
biocompatible nature, AB-CDs can serve as an efficient and low-
cost uorescent probe for the sensitive detection of Cr(VI) ions
and cholesterol.
2. Materials and methods
2.1 Chemicals

Averrhoa bilimbi fruit was acquired from Kochi, India, and
stored at 4 °C. K2Cr2O7, quinine sulphate (QS), AlCl3, As2O3,
CdCl2, CuSO4, ZnCl2, CaCl2, FeCl2, NaCl, PbCl2, HgCl2, FeCl3,
KCl, Na2HPO4$12H2O, NaH2PO4, ascorbic Acid (AA), dopamine
(DA), cholesterol, D-glucose, creatinine, L-glycine, L-lycine, thia-
mine, L-tryptophan, and L-tyrosine were purchased from
Prince Chemicals. Acetone and ethanol were purchased from
Future lab. Syringe lters with a 0.22 mm pore size, dialysis
membrane-70 with a molecular weight cutoff ranging from 12
000 Da to 14 000 Da were sourced from science world, Banga-
lore, India.
2.2 Synthesis of AB-CDs

The collected samples of Averrhoa bilimbi fruit was washed
thoroughly to remove impurities. The cleaned fruits were
churned in a blender to obtain its juice. 80 ml of the juice was
transferred to a 100 ml Teon-lined hydrothermal autoclave
and heated to 180 °C for 12 hours to obtain a brown-coloured
suspension. This suspension was ltered using syringe lter
and dialyzed for 48 hours to obtain puried AB-CDs (with the
concentration of 0.505 mg ml−1).
2.3 Preparation of AB-CDs samples for XRD and Raman
analysis

The aqueous dispersions of AB-CDs were drop-cast onto a clean
glass slide and allowed to dry, forming a uniform thin lm.
Aer complete solvent evaporation, the coated glass slide was
mounted in the XRD sample holder, and diffraction patterns
were recorded over a 10–90° 2q range. Similarly, the coated glass
slide was analysed by Raman spectroscopy using an appropriate
laser radiation (514 nm from an Ar+ laser).
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.4 Characterization

pHep + waterproof pocket pH tester (0.01 pH Resolution-
HI98108) was used to check the pH of solutions used for the
experiments. Fourier Transform Infrared (FTIR) spectroscopy of
AB-CDs was performed on a PerkinElmer Spectrum 100 series
spectrometer, operating over 4000–500 cm−1. XPS analysis was
performed using a PHI Model 5802, and the Raman spectrum of
AB-CDs (4000–100 cm−1) was recorded with an INVIA Raman
spectrometer (514 nm Ar+ laser, UK). XRD analysis was con-
ducted using a Bruker D8 Advance diffractometer (Cu-Ka, l =

1.5406 Å, 40 kV, 20 mA, 10–90° 2q), and HRTEM images were
obtained on a JEOL JEM-2100 (LaB6, 200 kV). Particle size and
zeta potential were determined using Dynamic Light Scattering
(DLS) on a Zetasizer (ZS90) instrument. UV-visible absorbance
of AB-CDs was recorded using a Shimadzu UV-1500 spectro-
photometer, while photoluminescence and excitation spectra
were measured with a Shimadzu RF-5301 spectrouorometer.
PL decay measurements were performed using a JOBIN-YVON
Fluorocube lifetime system.

2.5 Detection of Cr(VI) and cholesterol

For Cr(VI) ion detection, 0.3 ml of aqueous AB-CDs dispersion
was mixed with 2.5 mL of pH 7 phosphate buffer solution (PBS),
followed by the addition of varying volumes of 1 mM Cr(VI)
solution. Aer incubating for 10 min at room temperature, PL
spectra of the solution were recorded using uorescence spec-
trophotometer using an excitation at 320 nm. The detection of
cholesterol was also carried out using the same protocol.

2.6 Determination of quantum yield (QY)

The QY of AB-CDs was calculated using eqn (1), where ‘st’ refers
to the reference standard (QS), and ‘x’ represents the AB-CDs.
The QY of QS, used as the standard in 0.1 M H2SO4, is known
to be 54%. In eqn (1), h denotes the refractive index of water as
solvent, A is the absorbance, Q is the quantum yield, and I
correspond to the PL intensity, measured when excited at the
wavelength of 320 nm.

Qx ¼ Qst � Ast

Ax

� Ix

Ist
�

�
hx

2

hst
2

�
(1)

2.7 Limit of detection

The limit of detection (LOD) for Cr(VI) and cholesterol was
calculated using eqn (2).19

LOD ¼ 3s

S
(2)

where s represent standard deviation and S represent slope of
the plot of PL intensity against the concentrations of Cr(VI) and
cholesterol, respectively.

3. Results and discussion

Bilimbi fruit was employed as a sustainable, cost-effective (∼110
Indian rupees per Kg), and eco-friendly precursor for the
RSC Adv., 2026, 16, 12132–12140 | 12133
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Fig. 1 Schematic representation of the synthesis of AB-CDs for the selective detection of cholesterol and Cr(VI).
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hydrothermal synthesis of AB-CDs. AB-CDs were subsequently
puried using syringe ltration followed by dialysis. The purity
of the AB-CDs was evaluated following the dialysis process. The
PL responses of both the retentate and dialysate were recorded
aer 24 h of dialysis. As shown in Fig. S1 (SI), the retentate
exhibits a signicantly higher PL intensity than the dialysate,
conrming that the major uorescent product is the AB-CDs.
The weak PL responses observed for the dialysate are
presumed to be from small amount of uorescent byproducts,
which were effectively removed during dialysis. Also, it is
possible that a small number of CDs entered the dialysate
through the tied-up ends of the dialysis bag. AB-CDs were
characterized to analyse their structural and optical features,
Fig. 2 (a) TEM image, (b) size distribution histogram, and (c) HRTEM ima

12134 | RSC Adv., 2026, 16, 12132–12140
conrming their formation. Furthermore, AB-CDs acts as
a uoroprobe for the sensing of both Cr(VI) and cholesterol
(Fig. 1).

3.1 Structural characterizations of AB-CDs

The morphology and the size of the AB-CDs were studied using
high resolution transmission electron microscopy (HRTEM).

HRTEM analysis revealed that AB-CDs possess a quasi-
spherical morphology (Fig. 2a). The size distribution histo-
gram indicated that AB-CDs had mean particle diameter of
6.022 nm (Fig. 2b). Lattice spacing of 0.22 nm were observed for
AB-CDs in HRTEM analysis, which indicates characteristic of
(100) plane of graphitic carbon (Fig. 2c).
ge of AB-CDs respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectrum of AB-CDs.

Fig. 5 (a) The Raman spectrum, and (b) XRD spectrum of AB-CDs
respectively.
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FTIR spectroscopy was used to identify the functional groups
on the surface of AB-CDs. FTIR spectrum revealed characteristic
bands at 3328.6 cm−1 corresponding to –OH stretching,
2089.7 cm−1 attributed to C–C]O stretching, 1510.2 cm−1

associated with C]C stretching, and 1333.9 cm−1 correspond-
ing to C–O–C stretching. Additionally, the band at 1648.8 cm−1

indicated the presence of C]O functional groups, conrming
the abundance of alcohol and carbonyl-rich functional groups
on the surface of AB-CDs (Fig. 3). Additionally, –COOH and
C]O groups may contribute to the long-range uorescence
observed in AB-CDs, while peak broadening could result from
hydrogen-bonding interactions.20,21 AB-CDs were highly hydro-
philic and showed excellent water dispersibility, due to surface
polar functionalities. The surface charge of AB-CDs was found
to be 24.8 mV from the zeta potential measurement (Fig. S2a,
SI). This negative zeta potential value conrms that the surface
of AB-CDs consists of alcoholic and carbonyl functional groups,
leading to good colloidal stability.

XPS analysis was performed to further investigate the pres-
ence of functional groups on AB-CDs. The XPS analysis was
Fig. 4 (a) XPS Survey spectrum of AB-CDs, and (b and c) deconvoluted
XPS spectra in the C 1s, and O 1s regions, recorded from the AB-CDs
respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
conducted to study the elemental composition of the AB-CDs.
XPS survey spectrum indicated the presence of O 1s, Ca 2p,
and C 1s peaks (Fig. 4a). The C 1s deconvoluted spectra indi-
cated peaks at 290.99 eV associated with C sp2, 286.65 eV cor-
responding to C–O–C, 289.75 eV due to O–C]O and C]O at
288.29 eV (Fig. 4b). O 1s deconvoluted spectra showed peaks
equivalent to C–O–C (534.13 eV) functional group (Fig. 4c). The
presence of C and O on the surface of AB-CDs is ascertained
through XPS analysis.

Raman spectroscopy was utilized to study the degree of
disorder, graphitic content, and degree of defects in AB-CDs.
The Raman spectrum shown in Fig. 5a features two peaks at
1373.64 cm−1 and 1543.33 cm−1. The D band observed at
1373.64 cm−1 corresponds to the A1g breathing mode and
reects structural defects near the K points of the rst Brillouin
zone. In contrast, the G band at 1543.33 cm−1 is associated with
sp2-hybridized carbon clusters and originates from the E2g
phonon mode. These Raman shis, representing the rst-order
D and G peaks, provide insight into the defect density, struc-
tural disorder, and crystallinity of the AB-CDs.22 The crystallo-
graphic structure of AB-CDs was examined through XRD. The
low intensity band observed at 20.8° in the XRD indicates the
(002) facet of graphite. AB-CDs exhibited an amorphous nature
shown by the low intensity and broader full-width at half
maximum in the XRD spectra. The broad peak further suggests
incomplete graphitization and nanoscale dimensions of AB-
CDs (Fig. 5b).23 The d-spacing of AB-CDs was estimated to be
0.42 nm from XRD spectra using Bragg's law.
3.2 Optical characterizations of AB-CDs

The optical characteristics of AB-CDs are presented in Fig. 6.
UV-visible absorption spectroscopy of AB-CDs was employed to
examine its electronic transition behaviour. The absorbance
peaks around 298 nm and 245 nm in AB-CDs corresponds to n–
p* transition (C]O bonds) and p–p* transitions (C]C bonds)
(Fig. 6a). These electronic transitions occur within the graphitic
domains and defect sites on the surface of CDs. The absorption
tail extending into longer wavelength regions may result from
multiple low-energy transitions caused by the functional groups
present on the surface of CDs.24 A broad absorption band is seen
in the absorption spectrum, likely resulting from the size and
surface heterogeneity of AB-CDs.25 AB-CDs showed maximum
emission at 380 nm upon excitation at 320 nm radiation
(Fig. 6b). AB-CDs exhibited excitation dependent uorescence
RSC Adv., 2026, 16, 12132–12140 | 12135
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Fig. 6 (a) Absorption spectrum of AB-CDs recorded using UV-visible spectroscopy, (b) excitation spectrum (emissionmonitored at 380 nm) and
emission spectrum (lex = 320 nm) of AB-CDs, (c) excitation wavelength dependent PL emission spectra of AB-CDs, and (d) fluorescence lifetime
spectrum of AB-CDs.

Fig. 7 (a) pH-dependent PL emissions, (b) plot of pH against PL
intensity of AB-CDs respectively and (c) photostability analysis of AB-
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when excited across wavelengths from 220 to 380 nm (Fig. 6c).
The surface defects, electronegativity of heteroatoms, and
synergistic models have been proposed to explain the
excitation-dependent photoluminescence observed in CDs.26

The QY of AB-CDs was calculated to be 1.62%. The estimated
uorescence lifetime of AB-CDs was about 4.3 ns by tting the
decay curve using multi-exponential function of the lifetimes of
s1 = 2.05 ns (35%), s2 = 2.05 ns (41%), s3 = 6.94 ns (24%)
(Fig. 6d).

The pH-dependent behaviour on PL emission of AB-CDs is
clearly shown in Fig. 7a. Upon examining the effect of pH on the
photoluminescence of AB-CDs, a noticeable quenching of
uorescence is observed under acidic conditions, as shown in
Fig. 7b. The uorescence quenching observed between pH 7
and 11 is relatively negligible. The slight pH sensitivity of AB-
CDs can be attributed to electronic transitions associated with
defect states. Excess hydrogen and hydroxyl ions may disrupt
these defect sites, leading to alterations in surface functional
groups and consequent uorescence quenching.27 The photo-
stability of AB-CDs was studied and is shown Fig. 7c. AB-CDs
exhibit a decline in PL intensity, showing only a 2.54%
decrease in PL intensity aer one month of storage and a 4.66%
reduction aer six months of storage. This reduction in pho-
tostability is attributed to the aggregation behaviour of AB-CDs.

Further, the stability of AB-CDs towards temperature and
KCl concentration was studied, and the results are presented in
Fig. S2 (SI). Fig. S2a, SI, shows the effect of ionic strength on the
12136 | RSC Adv., 2026, 16, 12132–12140
PL intensity of AB-CDs. A pronounced decrease in PL intensity is
observed with increasing KCl concentration, which can be
attributed to the aggregation of particles, which is induced by
the higher salt content.28 AB-CDs exhibited excellent thermal
stability when the temperature was varied from 30 to 90 °C
(Fig. S2b, SI). The uorescence intensity remained nearly
constant across this range, indicating that the carbon core and
CDs at various durations of storage.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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surface emissive states were not thermally disrupted.29 The
absence of noticeable thermal quenching suggests suppressed
non-radiative relaxation pathways and strong surface passiv-
ation.30 This thermal robustness conrms that AB-CDs are
reliable uorescent probes for sensing applications under
elevated temperature conditions.

3.3 Detection of cholesterol

The PL properties of the aqueous AB-CDs dispersion in the
presence of various biomolecules such as thiamine, L-ascorbic
Acid (AA), dopamine (DA), cholesterol, L-tryptophan, D-glucose,
creatinine, L-glycine, L-lycine, and L-tyrosine were investigated
under identical conditions. The PL enhancement of AB-CDs
(52.8% enhancement upon adding 10 mL of 1 mM cholesterol)
is highly selective to cholesterol (Fig. 8). From this analysis, AB-
CDs were found to be a uorescence-based sensor, capable of
selectively sensing cholesterol. The observed PL enhancement
Fig. 8 Fluorescence response of AB-CDs to different biomolecules. I
and I0 represent the PL intensities at 380 nm (lex = 320 nm) with and
without biomolecules, (error amount, 3%; Y error bar of both [±]
deviation).

Fig. 9 (a) Fluorescence enhancement behaviour of AB-CDs dispersions
variation of I/I0 with cholesterol concentration, with the inset showing the
bar of both [±] deviation).

© 2026 The Author(s). Published by the Royal Society of Chemistry
selectively for cholesterol is due to the interactions between the
cholesterol and oxygen containing functionalities of AB-CDs.31

The insignicant variation in PL intensities upon addition of
different biomolecules demonstrates the potential of AB-CDs as
a selective uoroprobe for cholesterol detection.

Fig. 9a depicts uorescence enhancement response of AB-
CDs dispersion with increasing cholesterol concentrations
from 0 to 8 mM. The uorescence intensity of AB-CDs at lower
cholesterol concentrations signies the sensitivity of AB-CDs.
The uorescence enhancement showed a linear relationship
between (I/I0) and the concentration of cholesterol (I and I0
represents AB-CDs uorescence intensity in the presence of
cholesterol and in the absence of cholesterol). A linear corre-
lation between I/I0 and cholesterol concentration was observed
(R2 = 0.996), with LOD equal to 0.31 mM (Fig. 9b).
3.4 Detection of chromium(VI)

The PL properties of the aqueous AB-CDs dispersion among
different metal ions including Al(III), As(III), Ca(II), Cd(II), Cr(VI),
Cu(II), Fe(II), Fe(III), Hg(II), Na(I), Pb(II), and Zn(II) were investi-
gated under similar conditions. The PL quenching of AB-CDs is
selective to Cr(VI) [41.7% quenching was observed upon addi-
tion of 20 mL of 1 mM of Cr(VI)] (Fig. 10). Fluorescence
quenching by Cr(VI) is likely caused by its interactions with the
surface carboxyl groups of AB-CDs.31 Their quenching response
for other heavy metals was not signicant comparing the uo-
rescence intensity of AB-CDs upon adding Cr(VI), conrming
their potential as uoroprobe for detection of Cr(VI).32

Although some metal ions show partial quenching effects, to
examine the inuence of other ions in Cr(VI) detection, inter-
ference studies were carried out in the presence of coexisting
metal ions (Fig. S3, SI). PLmeasurements were carried out using
AB-CDs in the presence of a selected group of metal ions, both
in the absence and presence of Cr(VI) ions (Fig. S3a, SI). In
addition, uorescence responses were evaluated for AB-CDs
exposed to various metal ions along with Cr(VI) ions, and AB-
CDs in the presence of Cr(VI) ions alone (Fig. S3b, SI). The
to varied cholesterol concentrations at 380 nm, lex = 320 nm, and (b)
linear fitting at lower concentration ranges, (error amount, 3%; Y error
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Fig. 10 Fluorescence response of AB-CDs among different ions. I
represent the PL intensity with metal ions and I0 represents PL inten-
sities withoutmetal ions at 415 nm (lex= 320 nm), (error amount, 3%; Y
error bar of both [±] deviation).

Fig. 12 (a) PL response of AB-CDs, AB-CDs in the presence of
cholesterol, AB-CDs in the presence of Cr(VI) and AB-CDs to a mixture
of cholesterol and Cr(VI) (Mix), and (b) PL response of Mix, cholesterol
added to Mix and both cholesterol and Cr(VI) added to Mix, (error
amount, 3%; Y error bar of both [±] deviation).
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results from both experiments clearly demonstrate that the
observed uorescence quenching originates specically from
Cr(VI) ions. These ndings further conrm the selective inter-
action between AB-CDs and Cr(VI), highlighting their suitability
as an efficient uorescent probe.

Fig. 11a shows uorescence spectra of aqueous AB-CD
dispersions with Cr(VI) concentrations ranging from 0 to 50
mM. AB-CD's sensitivity for Cr(VI) is revealed by the uorescence
quenching response of AB-CDs dispersions at low concentra-
tions. A linear correlation between I/I0 and Cr(VI) concentration
was observed (R2 = 0.995), with the limit of detection of 1.71
mM, as determined using the Stern–Volmer equation27

(Fig. 11b).
The PL responses of the aqueous AB-CDs dispersion in the

presence of cholesterol, Cr(VI), and their mixture (denoted as
Mix) were recorded, as shown in Fig. 12. This analysis was
carried out to evaluate the PL behaviour of AB-CDs when both
cholesterol and Cr(VI) are present together in the analyte. As
Fig. 11 (a) Fluorescence quenching behaviour of AB-CDs dispersions to v
I/I0 with Cr(VI) concentration, with the inset showing the linear fitting at l
deviation).

12138 | RSC Adv., 2026, 16, 12132–12140
illustrated in Fig. 12a, AB-CDs exhibit a signicant PL
enhancement in the presence of cholesterol alone, whereas
signicant PL quenching is observed upon the addition of Cr(VI)
ions alone. When both cholesterol and Cr(VI) coexist (Mix), the
PL intensity is nearly identical to that of AB-CDs. Upon further
addition of cholesterol to the Mix, a slight enhancement in PL
intensity is observed, whereas subsequent addition of Cr(VI)
ions results in marked PL quenching, attributed to the
quenching effect of AB-CDs towards Cr(VI) ions (Fig. 12b).
3.5 Mechanism for the sensing of cholesterol and Cr(VI) by
AB-CDs

To explore the interaction mechanism between AB-CDs and
cholesterol, zeta potential studies were conducted, as depicted
in Fig. S4 (SI). AB-CDs exhibited a negative surface charge of
−24.8 mV in aqueous solution, attributed to the presence of
carboxyl and other negatively charged functional groups. Upon
interaction with cholesterol, the zeta potential changed to
−16.3 mV, indicating a partial neutralization of surface charge
due to electrostatic attraction between the negatively charged
AB-CDs and positively charged cholesterol. These interactions
are hypothesized to promote aggregation of AB-CDs.33 The
observed increase in the quantum yield from 1.62% to 2.54% in
aried Cr(VI) concentrations at 415 nm, lex = 320 nm, and (b) variation of
ower concentration ranges, (error amount, 3%; Y error bar of both [±]

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the presence of cholesterol suggests that these electrostatic
interactions may promote aggregation of AB-CDs.34 High QY in
CDs arises from a combination of core structure, surface
chemistry, and electronic effects that favour radiative recom-
bination over non-radiative pathways.35 This increased QY could
potentially stabilizes the excited-state energy and thereby
suppresses non-radiative decay pathways.36 Likewise, DLS
analysis revealed that the hydrodynamic diameter of AB-CDs
increased nearly four-fold upon the addition of cholesterol,
suggesting that AB-CDs aggregated into larger particles (Fig. S5,
SI). These ndings indicate that the observed uorescence
enhancement can be attributed to the higher local concentra-
tion of AB-CDs resulting from cholesterol-induced aggrega-
tion.33 The uorescence response of AB-CDs to cholesterol was
investigated systematically. As shown in Fig. 6a, AB-CDs di-
splayed an emission peak at 380 nm under 320 nm excitation.
With increasing cholesterol concentration (0–8 mM), the uo-
rescence intensity at 380 nm increased signicantly, while the
emission peak position remained constant. This signicant
increase in uorescence is proposed to result from electrostatic
interactions between the negatively charged AB-CDs and the
positively charged cholesterol.37 The aggregation of AB-CDs
could lead to enhanced uorescence via the aggregation-
induced emission (AIE) effect.37 This enhancement appears to
arises from the possible restriction of the rotational motion of
surface moieties such as aromatic rings and phenolic –OH
groups during aggregation.38 Furthermore, the absorption
spectra of AB-CDs before and aer addition of cholesterol are
presented in Fig. S6 (SI), which shows a slight decrease in
absorbance on addition of cholesterol.

These results suggest a uorescence enhancement sensing
mechanism for cholesterol, which could plausibly be due to the
AIE effect.34,39

To study the possible mechanism of quenching behaviour of
AB-CDs towards Cr(VI) ions, UV-visible absorption of AB-CDs
was taken and it displayed distinct peaks at 212 nm and
280 nm, corresponding to p–p* transitions of conjugated C]C
bonds and n–p* transitions of C]O groups, respectively
(Fig. 6a). A strong emission peak centered at 415 nm was
recorded when AB-CDs were excited at 320 nm (Fig. 6b). As
revealed in the PL spectra, AB-CDs exhibited excitation-
dependent emission, with excitation wavelengths ranging
from 220 to 260 nm (Fig. 6c). As illustrated in Fig. S7 (SI),
absorption peaks of Cr(VI) were observed at 272 nm and 368 nm.
Meanwhile, the excitation spectrum of AB-CDs showed bands at
236 and 323 nm, with their emission centred at 415 nm under
320 nm. This overlap of spectra between the absorption peak of
Cr(VI) and excitation/emission bands of AB-CDs supports the
inner lter effect40,41 which is proposed as a potential mecha-
nism for PL quenching of AB-CDs by Cr(VI) ions.
3.6 Comparison of the sensing performance of AB-CDs with
previously reported sensing platforms for Cr(VI) and
cholesterol detection

The sensing performance of AB-CDs towards Cr(VI) was
compared with previously reported uoroprobes, as detailed in
© 2026 The Author(s). Published by the Royal Society of Chemistry
Table S1 (SI). Owing to AB-CDs sustainable, renewable, eco-
friendly, cost-effective, and biocompatible nature, they can
serve as an effective and cheap uorescent probe for the
sensitive detection of Cr(VI) ions. Their synthesis was carried out
via a green and straightforward method under mild conditions,
thereby aligning with environmentally friendly sensor devel-
opment. In contrast, the uoroprobes listed in Table S1 (SI),
were generally synthesized using synthetic precursors and
organic solvents. Although the LOD of AB-CDs is relatively
higher than other reported uoroprobes, their cost-
effectiveness and eco-friendly synthesis make them a prom-
ising alternative. Similarly, the sensing of cholesterol using AB-
CDs was evaluated against previously reported biosensors, as
summarized in Table S2 (SI). In contrast to other approaches
that utilize CDs as nanozymes within multi-component and
complex detection systems, AB-CDs offers a simple, green, and
cost-effective alternative for rapid and sensitive sensing of
cholesterol. The detection limit of cholesterol using AB-CDs was
comparatively better when compared to other reported
biosensors. Overall, AB-CDs served as novel uoroprobe with
excellent selectivity and sensitivity toward sensing of both
cholesterol as well as Cr(VI) ions, with added advantages in
terms of sustainability and simple synthesis process.
4 Conclusions

We report a green method to synthesize CDs using the Averrhoa
bilimbi. Averrhoa bilimbi as a source of CDs for the multi analyte
detection of Cr(VI) and cholesterol has not been reported else-
where. The hydrothermal method utilized in this study to
synthesize AB-CDs is simple and cost-effective. With an average
size of 6.022 nm, the quasi-spherical particles AB-CDs exhibited
emissions dependent on both pH and excitation wavelength.
We developed a uorescent sensor from AB-CDs, which is
sensitive to cholesterol and Cr(VI). The detection limits of the
sensor to the analytes cholesterol and chromium(VI) were
calculated to be 0.31 mM and 1.71 mM, respectively. These
ndings demonstrate the potential of AB-CDs as an efficient,
sustainable, and eco-friendly uoroprobe for selective and
sensitive detection of biologically and environmentally relevant
targets, offering a promising platform for future diagnostic and
environmental monitoring applications.
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