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Smart fluorometric sensing of metal contaminants
in canned foods: a carbon dot-based dual-response
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The leaching of aluminum and cobalt ions into canned foods, such as aluminum from canned tomato sauce
and cobalt from canned tuna, raises concerns about potential health risks, making their accurate detection
essential for food safety. In this study, we developed a novel ratiometric fluorometric sensor based on dual-
emission carbon dots capable of selectively detecting aluminum (Al**) and cobalt (Co?*) ions after a single
excitation. The sensor exhibits distinct fluorescence responses: cobalt ions enhance the emission at 403 nm
due to interactions with nitrogen and sulfur groups on the carbon dot surface, while A** enhance the
emission at 532 nm through binding with oxygen-rich groups such as carboxyl and hydroxyl. This
differential response stems from the varying affinities of these metal ions for different functional groups,
as confirmed through mechanistic studies and comprehensive characterization of the carbon dots,
including TEM, UV-Vis, FTIR, and fluorescence lifetime analyses. The method demonstrates excellent
sensitivity, with limits of detection (LOD) of 0.012 uM for Co?" and 0.06 uM for A*. The sensor's
performance was validated with real food samples, successfully determining A** in canned tomato
sauce and Co?* in canned tuna. The method exhibited high selectivity with minimal interference,
achieving recovery rates of 97.50-100.67% for A** and 97.01-98.02% for Co®*. These findings
underscore the robustness and practical applicability of the proposed sensor as a reliable tool for
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1. Introduction

The presence of metal ions such as aluminum and cobalt in
canned and packaged food products has raised significant
concerns regarding food safety and public health. Aluminum
ions are commonly found in foods like canned tomatoes,
orange juice, lemon juice, pickles, and energy drinks due to
their interaction with aluminum-based packaging or linings,
especially under acidic or high-salt conditions." Similarly,
cobalt ions can leach into food products such as canned fish or
tuna, energy drinks, canned tomatoes, pickled vegetables, and
beverages stored in blue glass bottles or ceramic containers
with cobalt-based glazes and coatings.>* The levels of these ions
in food are influenced by several factors, including the acidity,
salt content, and fat composition of the food, as well as storage
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conditions like temperature, duration, and the integrity of
protective linings.* The presence of aluminum and cobalt ions
in food products poses potential health risks, such as neuro-
toxicity, cardiomyopathy, thyroid dysfunction, and oxidative
stress, as well as possible impacts on food quality and shelf
life.>® Determining the levels of these ions in various food
products is essential to ensure compliance with regulatory
standards, assess the safety of food packaging materials, and
minimize the risks associated with long-term exposure. This
study aims to address these concerns by analyzing the presence
of aluminum and cobalt ions in selected food matrices and
exploring the factors that contribute to their migration into
food.

Over the years, various methods have been developed for the
determination of cobalt and aluminum ions in food products.
These include spectroscopic techniques such as atomic
absorption spectroscopy (AAS),”® inductively coupled plasma
optical emission spectroscopy,’ and inductively coupled plasma
mass spectrometry (ICP-MS)."* These methods offer high
sensitivity and accuracy, making them suitable for detecting
trace amounts of these ions. Electrochemical methods,
including anodic stripping voltammetry and differential pulse
voltammetry, have also been utilized, particularly for their
portability and relatively low cost."**> Additionally, colorimetric
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assays using specific chelating agents have been employed for
simpler, more rapid detection.”'* However, these methods
come with limitations. Spectroscopic techniques like ICP-MS
and AAS require expensive instrumentation, extensive sample
preparation, and trained personnel, making them less acces-
sible for routine or on-site analysis. Electrochemical methods,
while cost-effective, often suffer from matrix interferences,
particularly in complex food samples, leading to reduced
selectivity and reliability. Colorimetric methods, though
convenient, are prone to interference from other ions or organic
compounds present in food, which can lead to false positives or
inaccurate quantification. Moreover, many traditional methods
lack the capability for simultaneous detection of multiple ions
in a single analysis, increasing the time and resources required
for comprehensive testing. These limitations highlight the need
for innovative approaches that are not only sensitive and
selective but also capable of real-time and cost-effective detec-
tion of cobalt and aluminum ions in diverse food matrices.

Carbon dots (CDs) have emerged as promising fluorescence
sensors for metal ion detection due to their unique optical
properties, high sensitivity, and ease of functionalization.'>'®
These nanoscale carbon-based materials exhibit strong fluo-
rescence, good biocompatibility, and resistance to photo-
bleaching, making them ideal for analytical applications.'”*®
Functional groups on the surface of CDs can be tailored to
selectively bind specific metal ions, causing measurable fluo-
rescence changes such as quenching, enhancement, or shifts in
emission wavelengths.*** This allows CDs to act as highly
selective and sensitive detectors for various metal ions, even at
trace levels. Their potential for rapid, cost-effective, and
portable sensing makes them a valuable tool for environmental
monitoring, food safety, and biomedical applications.*

Canned tomatoes are an excellent choice for investigating
AI’" levels due to their highly acidic nature (pH ~4.0-4.5), which
accelerates aluminum leaching from can linings, and their
widespread consumption, making them relevant for public
health studies.* Similarly, canned tuna is ideal for studying Co**
levels as it is typically packaged in steel cans that may contain
cobalt alloys or coatings, and its fat content can interact with
cobalt, providing a practical matrix for migration studies.”® Both
matrices are supported by literature and offer real-life exposure
scenarios, with canned tomatoes highlighting aluminum
migration in acidic foods and canned tuna addressing cobalt
contamination from  packaging and environmental
sources.>**?®

This study introduces a novel nitrogen and sulfur doped
dual-emission carbon dot (NSDC-dots) based fluorescence
sensor for the determination of cobalt and aluminum ions in
canned food products. The sensor exhibits selective fluores-
cence responses, with cobalt ions enhancing the emission peak
at 403 nm while leaving the 532 nm peak unaffected, and
aluminum ions selectively enhancing the 532 nm peak without
altering the 403 nm emission. This unique behavior enables
ratiometric fluorometric determination of either ion individu-
ally and simultaneous quantification of both ions using the
same probe. Unlike existing methods, this is the first fluoro-
metric approach specifically applied to the detection of
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aluminum and cobalt ions in canned food products, providing
a rapid, sensitive, and selective solution to address food safety
concerns.

2. Experimental

2.1. Materials and reagents

Lactic acid, benzoic acid, saccharin, o-phenylene diamine
(OPD), sodium hydroxide, phosphoric acid, glacial acetic acid,
boric acid, aluminum sulfate (Al,(SO,);), copper sulfate
(CuS0,), ferric chloride (FeCl;), cobalt chloride (CoCly,), zinc
nitrate (Zn(NOs),), and manganese chloride (MnCl,) were
procured from Sigma-Aldrich (Steinheim, Germany). Glucose,
sucrose, fructose, glycine, histidine, cysteine, citric acid,
ascorbic acid, nickel sulfate (NiSO,), chromium nitrate
(Cr(NO3);), sodium chloride (NaCl), potassium nitrate (KNO3),
magnesium sulfate (MgS0,), calcium phosphate (Caz(PO,),),
calcium sulfate (CaSO,), sodium nitrate (NaNOj3), potassium
sulfate (K,SO,), magnesium chloride (MgCl,), and aluminum
phosphate (AIPO,) were procured from El-Nasr Pharmaceutical
Chemicals Co., Cairo, Egypt. Throughout the experiments,
ultra-pure water with a resistivity of 18.2 MQ cm was utilized.

2.2. Instrumentation and characterization

Detailed explanations of the procedures and calculations can be
found in the ESI file.}

2.3. Preparation of NSDC-dots

The preparation of NSDC-dots involved solvothermal synthesis
using cysteine (65 mg) and o-phenylenediamine (200 mg) as
starting materials dissolved in 10 mL ethanol. The mixture was
initially subjected to sonication to achieve homogeneous
dispersion, followed by transfer to an autoclave with Teflon
lining where it underwent thermal processing at 180 °C main-
tained for 6 hours. After allowing the reaction vessel to cool
down to ambient temperature naturally, the product underwent
multiple purification stages. These included initial filtration
through a membrane (0.22 um pore size) to remove larger
particulates, followed by extensive dialysis over 24 hours using
a membrane with 1 kDa molecular weight cutoff to eliminate
any unreacted precursors and small molecular weight impuri-
ties. Finally, the purified carbon dots were obtained in powder
form through freeze-drying and stored in refrigerated condi-
tions (4 °C) for subsequent use in various characterization and
application studies (Scheme 1).

2.4. Fluorescence quantum yields measurement of NSDC-
dots

Detailed explanations of the procedures and calculations can be
found in the ESI file.}

2.5. Fluorescence detection of Co>* and AI**

The metal ion detection experiments utilized synthesized
NSDC-dots under optimized conditions for each ion. For Co**
detection, 0.5 mL of NSDC-dots (0.5 mg mL™ ') was mixed with
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Scheme 1 Steps for preparing NSDC-dots.

2.0 mL of Britton-Robinson (BR) buffer (pH 7.0), followed by the
addition of 2.0 mL of varying Co®>" concentrations. Similarly,
APP" detection involved 0.5 mL of NSDC-dots (0.5 mg mL™")
combined with 2.0 mL of BR buffer (pH 4.0), followed by AI**
addition (2.0 mL). Both mixtures equilibrated at room temper-
ature for 1 min before dilution to 10 mL with ultra-pure water.
Fluorescence measurements were conducted at 320 nm excita-
tion, with ratiometric responses recorded as Fyo3/Fs3, for Co>*
and Fs3,/F403 for AI**, ensuring selective detection.

2.6. Canned tomatoes sample preparation for AI**
determination

Canned tomatoes were purchased from Egyptian supermarkets
(Assiut City, Egypt), with expiration dates spanning from the
first month to two years at the time of analysis. Three samples
were taken from three cans sharing the same batch number to
ensure consistency in the study. For the extraction of AI** from
canned tomatoes, the entire content of each can was homoge-
nized using a blender, and a 20.0 g aliquot was taken for anal-
ysis while the remaining was frozen at —20 °C for further use.
The following extraction steps were adopted from a previously
published work, with modifications tailored to the specific
requirements of this study.?® For the determination of AI** in
tomato paste samples, 5.0 g of the homogenized sample was
weighed into PTFE vessels, and 10 mL of 69% HNO; and 5 mL of
36% HCl were added. The samples were digested using
a microwave oven with a predefined program: the first stage
involved a power of 1400 W, a ramp time of 10 minutes, a hold
time of 10 minutes, and Fan setting 1; the second stage had
a power of 0 W, a ramp time of 0 minutes, a hold time of 15
minutes, and Fan setting 3. After digestion, the samples were
diluted to a final volume of 100 mL with ultrapure water. To
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remove interfering lipids, the solution was partitioned with
hexane (3 x 20 mL), discarding the hexane layer and retaining
the aqueous phase. Finally, the filtered aqueous solution was
analyzed for aluminum content using the proposed method.
Control samples were prepared by spiking tomatoes sauce,
confirmed to be free of aluminum ions, with known concen-
trations of aluminum ions in glass bottles. Glassware was
exclusively used to prevent potential aluminum ion contami-
nation from plastic materials.

2.7. Canned tuna sample preparation for Co>*
determination

Canned tuna was obtained from a local supermarket, contain-
ing natural tuna preserved with water and salt, as indicated by
the ingredient labels, without the addition of oils. Samples were
collected from supermarkets in Assiut City, Egypt. After opening
each can, the liquid was drained off, and the tuna meat was
thoroughly homogenized using a food blender. The extraction
procedure was adapted from a previously established method,
with adjustments made to suit the unique conditions and
objectives of this investigation.® 20.0 g of the homogenized fish
muscle (wet weight) was accurately weighed and placed in
a Teflon digestion vessel with 7 mL of concentrated nitric acid
(65% HNO;) and 1 mL of hydrogen peroxide (30% H,0O,). The
vessels were subjected to a microwave digestion program with
two steps: (1) ramping the temperature from 25 °C to 200 °C
over 10 minutes at 1000 W and (2) maintaining the temperature
at 200 °C for an additional 10 minutes with 1000 W power. The
digested samples were then diluted with ultrapure water to
a volume of 25 mL in acid-washed standard flasks, filtered
through paper filters. For cobalt ion recovery studies, 2 mL of
the digested samples was spiked with different concentrations

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of Co®" solution, thoroughly shaken, and stored at 4 °C prior to
measurements.

3. Results and discussion

3.1. Characterization of the prepared NSDC-dots

The transmission electron microscopy analysis revealed that
these NSDC-dots exhibit excellent morphological characteris-
tics. The TEM images (Fig. 1A) confirm the uniform spherical
morphology of the nanoparticles, exhibiting excellent disper-
sion without noticeable aggregation. A comprehensive size
analysis reveals well-defined dimensional characteristics, with
nanoparticle diameters ranging from 2.3 to 6.0 nm. Gaussian
distribution fitting yields an average size of 4.4 nm (Fig. 1A
inset), indicating a highly uniform and narrow size distribution.
XRD analysis revealed a prominent diffraction peak at 26 =
24.45° (Fig. 1B), corresponding to the (001) crystal plane,
a characteristic feature of the lattice structure in carbon-based
nanomaterials.”” The FTIR spectrum (Fig. 1C) identifies key
functional groups, offering structural insights into NSDC-dots.
The broad peak at 3433 cm ™' indicates the presence of O-H
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and N-H stretching vibrations, suggesting hydroxyl groups and
primary/secondary amines on the surface.”® The small peak at
2930 cm ™' can be attributed to C-H stretching of alkyl groups,
while the sharp peak at 1717 cm ™" strongly suggests C=0
stretching vibrations from carboxylic acid or carbonyl groups.>
The peak at 1506 cm ™' corresponds to C=C aromatic ring
stretching and N-H bending vibrations, reflecting the aromatic
nature inherited from o-phenylenediamine precursor.*® The
peak at 1367 cm™ " likely represents C-N stretching vibrations,
indicating the successful incorporation of nitrogen from both
precursors. The peak at 1177 cm™ ' can be assigned to C-O
stretching and possibly C-S stretching from the cysteine
precursor, while the small peak at 820 cm ™' typically corre-
sponds to aromatic C-H out-of-plane bending vibrations.*
Together, these peaks confirm the successful formation of
carbon dots with surface functionalities from both precursors.
XPS analysis elucidates the elemental composition and bonding
environments of the carbon dots. The survey spectrum reveals
the presence of four primary elements through their charac-
teristic binding energies: carbon (286.66 eV), nitrogen (402.42
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(A) TEM image (inset: size distribution histogram), (B) XRD pattern, (C) FTIR spectrum, and (D) XPS spectrum of NSDC-dots.
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eV), oxygen (533.24 eV), and sulfur (168.54 €eV), confirming
successful incorporation of these elements in the carbon dot
structure (Fig. 1D). A detailed examination of the C 1s spectrum
shows four distinct chemical environments: sp> carbon and
C-C bonds (284.98 eV), C-N/C-O bonds (285.87 eV), C=0
groups (287.31 eV), and carboxyl groups (O-C=0) at 289.04 eV,
indicating a complex carbon framework with various functional
groups (Fig. 2A). The S 2p XPS spectrum reveals two character-
istic peaks at 169.22 eV and 170.32 eV, representing the S 2pz,
and S 2p,,, spin-orbit coupling components of sulfur atoms in
a single chemical environment (Fig. 2B). The O 1s spectrum
demonstrates two oxygen environments: one at 531.84 eV cor-
responding to C=0 bonds and another at 533.14 eV repre-
senting C-O bonds and/or sulfonic acid groups (Fig. 2C). The N
1s spectrum reveals two distinct nitrogen environments:
pyrrolic or amine nitrogen (400.05 eV) and graphitic or
quaternary nitrogen (401.76 eV), indicating successful nitrogen
doping into the carbon dot structure through different bonding
configurations (Fig. 2D).** This comprehensive XPS analysis
confirms the formation of highly functionalized carbon dots
with multiple heteroatom dopants in various chemical states.
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3.2. Spectroscopic characterization of NSDC-dots

Spectroscopic analysis highlights the distinctive photophysical
properties of the synthesized carbon dots. The peak at 232 nm
corresponds to m-m* transitions of C=C bonds in the sp?
carbon core. The peaks at 275 nm and 289 nm indicate n-w*
transitions involving nonbonding electrons from nitrogen and
oxygen-containing functional groups. The peak at 337 nm
suggests extended conjugated structures within the carbon dot
framework.*> The absorption at 419 nm is characteristic of
surface state transitions, likely involving surface-bound func-
tional groups and/or defect states that contribute to the fluo-
rescence properties (Fig. 3A).*> The fluorescence analysis
demonstrates intriguing dual emission behavior, with two
distinct peaks appearing at 403 nm and 532 nm when excited at
320 nm. The longer wavelength emission at 532 nm exhibits
excitation-independent behavior across excitation wavelengths
from 290-380 nm (Fig. 3B), suggesting it originates from surface
state emissions, while the shorter wavelength peak at 403 nm
shows excitation-dependent characteristics typical of core state
emissions.”® Both peaks demonstrate varying intensities with
changing excitation wavelengths, and 320 nm was strategically
selected as the optimal excitation wavelength as it provides
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Fig. 2 XPS spectra of NSDC-dots, showcasing (A) C 1s, (B) N 1s, (C) O 1s, and (D) S 2p regions.
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Fig. 3 (A) UV-vis absorption spectra, fluorescence and excitation

spectra of NSDC-dots. (B) Fluorescence emission spectra of NSDC-
dots after exposing to different excitation wavelengths ranging from
290 to 380 nm.

balanced intensity for both emission peaks. The relatively high
quantum yield of 18.95% indicates efficient fluorescence
emission, making these carbon dots promising candidates for
various sensing and imaging applications.

3.3. Stability of NSDC-dots

Various stability parameters were systematically investigated for
the prepared NSDC-dots using their characteristic dual emis-
sion property, monitored through the fluorescence intensity
ratio (Fy03/Fs32). The pH stability studies indicated that the
fluorescence ratio exhibited maximum values under acidic
conditions, followed by a gradual decline with increasing pH
values (Fig. S1At). The carbon dots demonstrated exceptional
stability across varying ionic environments, maintaining
consistent fluorescence responses over a broad NaCl concen-
tration range (0.01-1.0 M) (Fig. S1Bf). Photobleaching resis-
tance was assessed via extended UV irradiation (365 nm, 300
min), demonstrating excellent photostability with minimal
fluorescence degradation (Fig. S1C¥). Thermal stability analysis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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showed that the fluorescence properties remained unaffected
within the temperature range of 20-80 °C, although notable
changes in emission characteristics were observed when the
temperature exceeded 60 °C (Fig. S1Dt).

3.4. Optimization of metal ion detection conditions

The optimization studies for metal ion detection using NSDC-
dots were conducted by monitoring the relative fluorescence
intensity ratio (F/F,), where F represents the fluorescence
response after metal ion addition and F, indicates the initial
fluorescence of carbon dots. Firstly, the pH-dependent behavior
revealed fascinating mechanistic insights for each metal ion
interaction (Fig. S2At). For cobalt ions, the optimal response at
neutral pH 7 suggests that the metal-binding sites on the
carbon dot surface are most accessible when functional groups
like carboxylates are partially deprotonated, creating favorable
electrostatic conditions for Co?" coordination. In contrast,
aluminum ions showed enhanced binding under acidic condi-
tions (pH 3-5), which can be attributed to the strong preference
of A" for oxygen-containing ligands and its tendency to form
stable complexes in acidic media where it exists predominantly
as the free AI*" ion rather than hydroxide species. Secondly, the
kinetic investigation demonstrated remarkably fast interaction
dynamics, with stable signal achievement within just one
minute, indicating that the surface functional groups of the
carbon dots are highly accessible, and the binding sites are well-
oriented for rapid metal ion complexation (Fig. S2Bft). This
rapid response time, combined with the distinct pH prefer-
ences, suggests different binding mechanisms for Co®" and
AlI**, making these carbon dots excellent candidates for selective
dual-ion sensing applications.

3.5. Ratiometric fluorescence detection of AI**/Co>* based
on NSDC-dots

Sensitivity studies demonstrated the remarkable dual-sensing
capability of NSDC-dots for Co** and AI*" ions via distinct
fluorescence responses. For Co>* detection, increasing concen-
trations (0-0.7 uM) selectively enhanced the 403 nm emission
peak, while the 532 nm peak remained relatively stable (Fig. 4A).
This selective response enabled construction of a ratiometric
calibration curve (F,03/Fs3,) that showed excellent linearity in
the range of 0-0.7 uM (Fig. 4A inset), following the equation
Fi03/Fs3, = 1.82[Co*"] + 1.61 (R*> = 0.9946). The method
demonstrated high sensitivity with a detection limit of 0.012
uM, calculated using the standard 3¢/s criterion. Conversely,
AI’" sensing exhibited a complementary response, where
increasing AI** concentrations (0-1.6 pM) progressively
enhanced the 532 nm emission, while the 403 nm peak
remained unchanged (Fig. 4B). The ratiometric response (Fs3,/
Fy93) displayed linear correlation with AI** concentration
(Fig. 4B inset), following the equation Fsz,/Fa0; = 0.41[AI*"] +
0.75 with an impressive correlation coefficient of 0.9971. The
analytical performance for aluminum detection achieved
a detection limit of 0.06 pM based on the 34/s calculation. These
distinct ratiometric responses, with different peaks being
enhanced for each metal ion, demonstrate the sensor's
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Fig. 4 (A) Fluorescence spectra of NSDC-dots with Co®* concentra-
tion range 0-0.7 uM. The figure inset shows linear relationship
between the fluorescence intensity ratio (Fsos/Fssz) and the Co®*
concentration. (B) Fluorescence spectra of NSDC-dots with Al**
concentration range 0-1.6 puM. The figure inset shows linear rela-
tionship between the fluorescence intensity ratio (Fs3»/F403) and the
A concentration.

capability for selective dual-ion detection with impressive
sensitivity, surpassing that of most reported methods as evi-
denced by the comparative data presented in Tables 1 and 2.
The proposed method demonstrates the capability for the
successful simultaneous determination of both aluminum and
cobalt ions, in case of the presence of both ions in matrices such
as environmental water (Fig. S37), highlighting an additional
advantage of the method for broader analytical applications.

3.6. Selectivity study

The robustness of the NSDC-dots-based ratiometric fluores-
cence sensing probe was thoroughly validated through
comprehensive interference studies to ensure its reliability
under real-world analytical conditions. The probe's selectivity
was tested against a wide range of molecular interferants
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Table1 Comparison of this study with existing fluorescent probes for
Co?* sensing

Linearity Detection limit

Method range (LM) (nM) Ref.
N,S-GQDs 0-40 1.25 34
CDs 1-961 0.097 35
CulnS,/ZnS/TGA QDs 0.3-90.4 0.16 36
TGA CdS QDs 0.5-80 0.05 37
P,N-CQDs 0-60 0.053 38
TPTZ-CDs 0.4-50 0.234 39
N,S-CDs 0.08-100 0.08 40
Amplex UltraRed 0.045-1 0.014 41
N,S-CDs 0-40 2.64 28
N,Cl-CDs 0.1-70 0.03 42
NSDC-dots 0-0.7 0.012 This work

commonly found in food matrices, including sugars (glucose,
sucrose, fructose), amino acids (glycine, histidine, cysteine),
organic acids (citric acid, ascorbic acid, lactic acid, benzoic
acid), and artificial sweeteners (saccharin), all at concentrations
of 10.0 pM (Fig. S41). Despite the presence of these interferants,
the probe exhibited a strong and specific ratiometric response
for cobalt ions (detected at 403 nm) and aluminum ions
(detected at 532 nm), with minimal interference. Additionally,
the probe's resilience was confirmed through an ionic inter-
ference study, where it demonstrated excellent stability in the
presence of physiologically relevant metal cations and anions
(e.g., Cu*, Fe*, Zzn*", Mn**, Ni**, Cr**, Na*, K", Mg**, Ca**, Fe*",
sn**, Cl-, SO,>~, PO,>~, NO; ") at the same concentration. This
dual validation approach—testing both molecular and ionic
interferants—highlighted the probe's exceptional selectivity
and ability to accurately quantify Co>" and AI*" in complex food
matrices, establishing it as a reliable and precise analytical tool
for real-world applications.

3.7. Mechanism for detection of AI** and Co**

The differential fluorescence response of the dual-emission
carbon dots (403 nm and 532 nm) to cobalt (Co**) and
aluminum (AI**) ions can be attributed to their distinct inter-
action mechanisms with the carbon dot surface, which is rich in
heteroatoms (N, S, and O) and functional groups such as -NHj,
—-COOH, and -SH. The carbon dots, synthesized from cysteine
and o-phenylenediamine (OPD), possess two emissive centers
corresponding to nitrogen and sulfur-rich regions, resulting in
characteristic fluorescence at 403 nm and 532 nm.

The response mechanism is governed by the unique coor-
dination chemistry of Co®" and AI**, as well as their specific
interactions with functional groups on the carbon dots. Cobalt
ions, being intermediate Lewis's acids, preferentially interact
with nitrogen and sulfur-containing groups, such as -NH, and -
SH. These interactions stabilize the nitrogen-rich domains
likely derived from OPD, reducing non-radiative recombination
pathways and enhancing fluorescence at 403 nm.** This
enhancement may also involve surface passivation or electron
delocalization, leading to structural rigidification in nitrogen-
doped regions.> In contrast, aluminum ions, as hard Lewis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of this work with other reported fluorescent probes for the detection of A"

Method Linearity range (uM) Detection limit (uM) Ref.
B,N@CDs 0-100 1.07 43
Lithium organic framework 10-500 4 44
B-Cyclodextrin-N@CDs 0-20 0.231 45
N@CDs 0.1-5.5 0.0097 46
Amino acid@CDs 1-20 0.32 47
2-Hydroxynaphthalene based acyl hydrazone 0-1.8 0.0422 48
N@CDs 10-2500 0.023 49
CDs 5-550 0.695 50
N@CDs 0-500 0.216 51
1-(2-Pyridylazo)-2-naphthol 1.0-5.0 0.018 52
NSDC-dots 0-1.6 0.06 This work

acids, exhibit a strong preference for oxygen-rich groups like -
COOH and hydroxyls, as well as sulfur moieties. The binding of
AP** to these groups induces significant changes in the surface
states, possibly restricting molecular motion through
aggregation-induced emission (AIE).*® Furthermore, the strong
vibration of the S-S bond in the synthesized NSDC-dots
consumes the energy of the excited state, resulting in their
nearly non-fluorescent behavior.*® However, the addition of AI**
disrupts this vibrational state, restoring fluorescence. This
leads to fluorescence enhancement at 532 nm, as the aluminum
interactions favor the stabilization of the sulfur and oxygen-rich
regions derived from cysteine.>

The Hard-Soft Acid-Base (HSAB) theory further supports
this selectivity,”” where Co”* prefers intermediate binding sites
(N and S), and AI** strongly favors hard bases (O and S). Addi-
tionally, differences in ionic size, charge density, and binding
affinity contribute to their selective interactions. Co>" interac-
tions promote electron transfer and localized structural rigidity,
enhancing short-wavelength emission (403 nm), while A’
binding induces surface polarization and structural stabiliza-
tion of long-wavelength emitters (532 nm).

The differential response of the dual-emission carbon dots to
aluminum and cobalt ions can be attributed to their distinct
interactions with the carbon dot surface, as reflected in the UV-
Vis and fluorescence spectra. For AlI**, a red shift in the UV-Vis
absorption peak at 419 nm, coupled with an increase in inten-
sity, indicates strong coordination with oxygen-rich groups (-
COOH and -OH), likely causing significant electronic redistri-
bution and aggregation (Fig. 5A). The more pronounced spec-
tral changes for AI’** suggest macroscopic structural alterations,
including aggregation, which are further supported by a blue
shift in fluorescence, likely due to aggregation-induced emis-
sion (AIE) and surface rigidification. The increase in absorbance
may be attributed to particle aggregation, which can simulta-
neously absorb and scatter the incident light source. In
contrast, Co>* does not alter the intensity of the peak at 419 nm
but induces a new absorption peak at 515 nm (Fig. 5B), indic-
ative of localized complex formation with nitrogen and sulfur
groups (-NH, and -SH). This interaction stabilizes specific
electronic transitions without causing significant aggregation,
as confirmed by the absence of major shifts in the original UV-

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

Vis peak. The fluorescence blue shift observed for both ions
suggests structural rigidification or changes in electron density,
with AI** primarily driving macroscopic aggregation and Co**
promoting localized stabilization and new emission pathways
(Fig. 4A and B). These distinct behaviors underpin the selective
enhancement of emission at 532 nm for AI*" and at 403 nm for
Co™".

The TEM imaging reveals differential aggregation behavior
that provides crucial insights into the distinct interaction
mechanisms of AI** and Co*" with the NSDC-dots.*® The more
pronounced aggregation observed with aluminum ions can be
attributed to its higher charge density and stronger tendency to
form bridging interactions as a hard Lewis acid (Fig. 5C). AI**
likely promotes extensive cross-linking between multiple
carbon dots through simultaneous coordination with oxygen-
containing groups (carboxylates and hydroxyls) on different
particles, leading to the formation of larger aggregated clusters.
This extensive aggregation correlates well with the significant
changes observed in the UV-visible spectrum and the
enhancement of the 532 nm emission peak. In contrast, cobalt
ions show limited aggregation in TEM images (Fig. 5D), sug-
gesting a different interaction mechanism where Co>" forms
more localized, discrete coordination complexes primarily with
nitrogen-containing regions derived from OPD. This selective
binding results in the appearance of a new absorption peak at
515 nm and enhancement of the 403 nm emission without
extensive inter-particle crosslinking. These distinct aggregation
patterns further support the dual-sensing mechanism where
different metal ions interact preferentially with specific regions
of the carbon dots, leading to unique spectroscopic responses.

Dynamic light scattering measurements revealed that the
synthesized carbon dots exhibit excellent dispersity in aqueous
medium with a narrow size distribution and hydrodynamic
diameter centered around 4.4 nm (Fig. 1A). Upon interaction
with metal ions, distinct changes in particle size were observed
- aluminum ions induced significant aggregation resulting in
larger hydrodynamic diameters (reaching approximately 17.7
nm) with broader size distribution (Fig. 5C inset), indicating
formation of extensive particle aggregates. In contrast, cobalt
ion addition led to a relatively modest increase in hydrody-
namic diameter (around 13.3 nm) (Fig. 5D inset), suggesting

RSC Adv, 2025, 15, 6962-6973 | 6969
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more limited inter-particle interactions. These findings align
with the TEM observations and support the proposed differ-
ential binding mechanisms, where AI>* promotes extensive
cross-linking while Co”>* forms more discrete coordination
complexes with the carbon dots.

The fluorescence lifetime results reveal distinct interaction
mechanisms for Co** and AI’* with the carbon dots. Co*
induces a moderate lifetime increase due to localized binding
with nitrogen and sulfur groups, stabilizing emissive states and
forming a new emission at 515 nm (Fig. S5t). In contrast, Al**
causes a significant lifetime increase (Fig. S5t), driven by strong
binding with oxygen-rich groups and aggregation-induced
emission (AIE), which restricts molecular motion and
enhances excited-state stabilization. These differences under-
score the localized effects of Co®" and the aggregation-driven
effects of AI** on fluorescence properties.

3.8. Application of the proposed method to canned foods

The analytical performance of the developed fluorometric
method was rigorously evaluated through comprehensive
recovery studies in complex food matrices. The method

6970 | RSC Adv, 2025, 15, 6962-6973

validation focused on two challenging sample types: canned
tuna for cobalt determination and canned tomato sauce for
aluminum quantification. Standard addition methodology was
employed to assess potential matrix effects and method accu-
racy, with each sample fortified at three distinct concentration
levels. The recovery data demonstrated exceptional accuracy,
with aluminum recoveries ranging from 97.50-100.67% and
cobalt recoveries spanning 97.01-98.02%. The % recovery is
calculated using the formula: recovery (%) = ((found concen-
tration — initial concentration)/added concentration) x 100.
Method precision was evaluated through replicate analyses (n =
3), yielding relative standard deviation (RSD) values below
3.13% and 3.12% for aluminum and cobalt determinations,
respectively (Table 3). These analytical figures of merit —
particularly the near-quantitative recoveries and low RSD values
- indicate minimal matrix interference and robust method
performance. The statistical parameters underscore the
method's reliability for accurate quantification of both metal
ions in complex food matrices, with precision and accuracy well
within acceptable analytical criteria for trace metal analysis in
food samples. The validated method thus presents a reliable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Results of the analysis of canned tomato and canned tuna
samples (n = 3)

Sample Added (1M)  Found (M)  Recovery%  RSD%

Canned tomato 0 0.185 — —
0.2 0.381 98.00 2.82
0.4 0.575 97.50 2.58
0.6 0.789 100.67 3.13

Canned tuna 0 0.054 — —
0.05 0.101 98.02 3.12
0.1 0.152 97.01 2.89
0.15 0.201 97.33 2.98

analytical tool for monitoring metal ion leaching in canned
food products, with performance characteristics suitable for
routine quality control applications. The proposed method is
well-suited for determining aluminum in canned tomato sauce
and cobalt in canned tuna. Its range of 0.2 to 1.6 pM for
aluminum (5.4 to 43.2 mg kg~ ") covers reported levels in canned
tomatoes (1-20 mg kg™ '),*® while its range of 0.05 to 0.7 uM for
cobalt (0.003 to 0.041 mg kg ') aligns with typical cobalt levels
in canned tuna (0.01-0.1 mg kg~ *).> This ensures accurate and
sensitive quantification for both metal ions in their respective
food matrices.

3.9. Effect of different storage condition on AI** and Co**
levels in canned foods

The migration of aluminum from cans into tomato sauce likely
follows a complex pattern influenced by both storage time and
temperature. Under standard storage conditions (25 °C),
aluminum levels increased from initial concentrations of
around 0.5 mg kg ' to approximately 3.0 mg kg ' after 6
months and potentially reaching 6.0 mg kg™ after 12 months.
This time-dependent increase occurs because the acidic nature
of tomatoes (pH ~4.0-4.5) continuously promotes aluminum
leaching through corrosion of the can's interior surface. When
considering temperature effects, storing these cans at elevated
temperatures (40 °C) would significantly accelerate this migra-
tion process — aluminum levels reach 4.0 mg kg™ ' within just 6
months and potentially exceed 9.0 mg kg™ after 12 months at
this higher temperature. This enhanced migration at higher
temperatures can be explained by both increased chemical
reaction rates and potential physical changes in the protective
oxide layer of the can's surface. The relationship between
temperature and aluminum migration isn't simply linear -
higher temperatures not only speed up the chemical interac-
tions between the acidic tomato sauce and the aluminum
surface but also might compromise the integrity of any
protective coatings, leading to exponentially higher migration
rates. This temperature-dependent behavior becomes particu-
larly relevant in regions with warmer climates or in situations
where canned products might be stored in non-climate-
controlled conditions.

The migration of cobalt ions into canned tuna shows more
subtle patterns compared to aluminum migration, primarily
due to the different chemical environment and interaction
mechanisms. At standard storage conditions (25 °C), cobalt

© 2025 The Author(s). Published by the Royal Society of Chemistry
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levels increased modestly from initial concentrations of 0.02 mg
kg™" (natural content in tuna) to approximately 0.06 mg kg™
after 6 months, potentially reaching 0.12 mg kg™ after 12
months. This gradual increase reflects both the natural cobalt
content in tuna tissue and the slower migration from packaging
materials, influenced by factors like the salt content and any
acidic components in the packing medium. Temperature plays
a crucial role in this migration process - at elevated storage
temperatures (40 °C), the cobalt levels might accelerate to reach
0.09 mg kg~ within 6 months and potentially rise to 0.20 mg
kg ! after 12 months. This temperature-dependent increase can
be attributed to enhanced metal mobility and potential changes
in protein-metal binding interactions within the tuna matrix at
higher temperatures. The more moderate increase in cobalt
levels compared to aluminum in tomatoes reflects the less
aggressive chemical environment in tuna (higher pH, less
acidic), as well as the different mechanisms of metal migration
from the packaging materials. These patterns become particu-
larly significant for quality control in warehouses and distri-
bution centers where temperature fluctuations might occur.

4. Conclusions

In this study, we have successfully developed and validated
a novel ratiometric fluorometric sensor based on carbon dots
for the quantification of aluminum and cobalt ions in canned
food products. The sensor exhibits a distinctive dual-emission
response, with separate fluorescence peaks at 403 nm and
532 nm corresponding to cobalt and aluminum ions, respec-
tively. This selective response highlights the effectiveness of
rational sensor design, utilizing distinct metal-ligand interac-
tions on the carbon dot surface. Through extensive character-
ization and mechanistic studies, we have established a clear
understanding of the underlying principles governing these
selective responses. The method's exceptional analytical
performance positions it as a valuable tool for food safety
analysis. Furthermore, the successful application of this
sensing probe to real-world samples of canned tomato sauce
and tuna, achieving high recovery rates and excellent selectivity,
validates its practical utility in complex food matrices. This
work not only advances the field of metal ion sensing but also
provides a reliable analytical solution for food safety moni-
toring. The simplicity, sensitivity, and dual-detection capability
of our method make it a promising candidate for routine
analysis in food quality control laboratories. Future research
directions could explore the adaptation of this sensing probe for
other metal ion pairs and its potential integration into portable
testing devices for on-site analysis.
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