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ARTICLE INFO ABSTRACT

Keywords: Herein, we reported the use of N-doped green-emitting carbon quantum dots (N-CQDs) as a
Carbon quantum dots fluorescent probe for determining of Fe®* ions in Solanum tuberosum for the first time. The N-
Glutamine

CQDs were synthesised through an efficient, one-step, and safe hydrothermal technique using
citric acid as the carbon source and glutamine as a novel nitrogen source. The temporal evolution
of the optical properties was investigated by varying the synthetic conditions with respect to
temperature (160 °C, 180 °C, 200 °C, 220 °C and 240 °C) and citric acid: glutamine precursor
ratio (1:1, 1:1.5, 1.2,1:3 and 1:4). The N-CQDs was characterised using Fourier-Transform Infra-
red Spectroscopy (FTIR) High-resolution transmission electron microscope (HRTEM), ultra-
violet-visible spectroscopy (UV-vis) and X-Ray diffraction analysis (XRD) while its stability was
evaluated in different media; NaCl, Roswell Park Memorial Institute (RPMI) and Phosphate
Buffered Saline (PBS), and at different pHs. The N-CQDs displayed green (525 nm) emission and
were spherical with an average particle diameter of 3.41 + 0.76 nm. The FTIR indicated car-
boxylic, amino, and hydroxyl functional groups. The as-synthesised N-CQDs were stable in NaCl
(up to 1 M), RPMI, and PBS without any significant change in its fluorescent intensity. The pH
evaluation showed pHs 6 and 7 as the optimum pHs, while the fluorometric analysis showed
selectivity towards Fe 3* in the presence and absence of interfering ions. The detection limit of
1.05 pM was calculated, and the photoluminescence mechanism revealed static quenching. The
as-synthesised N-CQDs was used as a fluorescent nanoprobe to determine the amount of Fe>* in
Solanum tuberosum (Potatoes) tubers. The result showed a high level of accuracy (92.13-96.20%)
when compared with an established standard analytical procedure with excellent recoveries of
99.23-103.9%. We believe the as-synthesised N-CQDs can be utilised as a reliable and fast
fluorescence nanoprobe for the determining of Fe3* ions.
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1. Introduction

Iron, Fe>* is very vital to nature. Physiological processes such as oxygen uptake, oxygen metabolism, electron transfer, and
metabolism all require this all-important transition metal [1]. Iron deficiency in the living systems can lead to certain disorders such as
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anaemia, liver disease, heart failure, and other biological disorders [2]. At the same time, excess iron in the body system is coun-
terproductive. Life-threatening diseases such as cancer, Alzheimer and Parkinson diseases can occur because of iron overload [3]. The
report has shown that 30% of the world’s population suffers from iron imbalance [4]. Therefore, the need for adequate detection and
monitoring of iron levels is highly demanded for human health and safety. In addition, Fe>" is a major source of water and land
pollution inimical to human health and safety [5]. Conventional analytical techniques have been used for the determination of Fe>*
ions. They include; atomic absorption spectroscopy [6], inductive coupled plasma mass spectroscopy [7], electrochemical analysis etc.
Although these techniques are reliable, stable, and sensitive, they require expensive instruments, tedious procedures, complex sample
preparation, and are time-consuming. Recently the use of fluorescent sensors for the detection of metal ions (Fe>*, Hg*, Cu?*) has
gained much attention due to the ease of operation, reproducibility, and low cost of operation [8,9].

The choice of an appropriate fluorescent material is critical when fabricating fluorescent sensing systems. Fluorophores, such as
organic dyes [10], biological fluorophores [11], oxides nanoparticles [12], and quantum dots [13], have been employed as sensors due
to their special fluorescent properties. Nonetheless, they possess shortcomings, such as poor solubility, photobleaching, instability, and
toxicity, which hinder their extensive applications. Carbon quantum dots (CQDs) are a class of fluorescent nanomaterials that have
attracted much attention owing to their excellent properties, which makes them an ideal candidate for different applications [14-21].
Carbon quantum dots have recently been among the most widely used materials as fluorescent sensors for the detection of metal ions
with high sensitivity [22-24]. To improve the fluorescent performance of CQDs in detecting trace metal ions, metal and non-metallic
heteroatoms have been doped into the CQDs. However, drawbacks such as toxicity and non-uniformity in doping have limited the use
of metals as a dopant. Thus, non-metals such as nitrogen have been widely employed to prepare doped CQDs for metal ion sensing
applications [25-28]. Deng et al. [29] synthesised nitrogen-doped CQDs by hydrothermal method using biomass tar and ethyl-
enediamine as precursors. The obtained N-CQDs are spherical and showed good feasibility as a fluorescent probe for determining Fe>*.
In another study, Zhao et al. carried out the synthesis of N-doped blue-emitting CQDs using chitosan as both nitrogen and carbon
sources [30]. However, preparing N-CQDs emitting in the visible region will be highly desirable for extensive applications. In addition,
the use of carbon quantum dots-based fluorescent nanosensors for detecting iron in actual food samples has rarely been reported.

Solanum tuberosum (potatoes) is the third most-consumed food in the world, with an annual consumption of about 374 metric
tonnes [31]. Significant variations in the iron content of potatoes because of genotype, soil acidity or alkalinity and environmental
factors have raised concerns about the safety and quality of this ever-important staple food. Thus, effective monitoring of iron content
in potatoes can go a long way in reducing malnutrition and improving the quality of life in places with high potato consumption. In
addition, control of diseases caused by iron deficiency, such as anaemia and stunted growth, will be effectively controlled if the amount
of iron in potatoes can be monitored through simple methods like fluorescence sensing.

In this study, we reported the hydrothermal synthesis of green-emitting N-CQDs using citric acid as the carbon source and
glutamine as the nitrogen source. Glutamine, a non-essential amino acid, is accessible and available naturally in standard diets such as
beef, eggs, yogurt, seafood, etc. In addition, glutamine has been adjudged to be non-toxic at controlled concentrations [32]. The ease of
accessibility and non-toxicity of glutamine inform its choice as a nitrogen source for CQDs synthesis. The hydrothermal method has the
following advantages when compared to other synthetic approaches. This includes, low cost, ease of operation, ecofriendliness, and
minimal or no toxicity [33,34]. In addition, the CQDs obtained are photostable and monodispersible [35]. The temporal evolution of
the optical properties was investigated by varying the synthetic conditions with respect to temperature and citric acid: glutamine
precursor ratio. In addition, the performance of the as-synthesised N-CQDs in the fluorescent sensing of Fe>* in the presence and
absence of other interfering ions was investigated. The N-CQDs were found to selectively detect Fe>* in the presence of other metal ions
with a low detection limit of 1.05 pM. In addition, media stability of the as-synthesised N-CQDs was determined in RPMI, PBS, and
NaCl media. The N-CQDs were stable in these media as there was little or no change in the fluorescent intensity after several hours.
Also, the photostability of the as-synthesised N-CQDs was studied through their continuous exposure to UV light. There was no sig-
nificant change in the fluorescent intensity even after 6 h of continuous irradiation. Furthermore, the as-synthesised N-CQDs was used
as a fluorescent probe to determine the amount of Fe3* in Solanum tuberosum (Potatoes) tubers. To the best of our knowledge, this is the
first time an attempt has been made to determine a potato’s iron content using a flouronanosensor. The similarity in the result obtained
to that of inductively coupled mass spectroscopy (ICPMS), an established procedure, further affirms the feasibility and accuracy of the
process.

2. Experimental
2.1. Materials and reagent

Citric acid, glutamine, sodium hydroxide, sulphuric acid, n-butanol, Cr(NO3)s, Fe(NO3)3, Co(NO3)2, Cd(NO3)2, Zn(NOs)2, Pb
(NO3), NaCl and KCI were purchased from Sigma Aldrich. Potato tubers were purchased from Shoprite supermarket in Johannesburg.
All materials were used as purchased without any further purification. Deionized water was used as the solvent throughout the
experiment.
2.2. Synthesis of carbon quantum dot

The synthesis of N-CQDs was carried out using a one-step hydrothermal facile method. Briefly, 1.152 g (6 mmol) of citric acid and

2.628 g (18 mmol) of glutamine were dissolved in 20 mL of deionized water under slight stirring until a homogenous mixture was
formed. The mixture was transferred and sealed in a Teflon-lined stainless-steel autoclave and heated in an oven at 160, 180, 200, 220
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and 240 °C for 4 h, separately. The reaction solution was allowed to cool naturally. The yellowish solution was centrifuged for 15 min
at 10,000 rpm to separate the undissolved precursors and large particles. After this, the supernatant was washed with n-butanol several
times to removed dissolved impurities. The resultant solution was filtered in a 0.02 pm filter paper and freeze-dried to give solid N-
CQDs crystals. The experiment was repeated at 200 °C to investigate the effect of the citric acid: glutamine ratio on the luminescence

intensity.
2.3. Characterisation of N-CQDs

The morphology and particle size of the N-CQDs were obtained with a JOEL (JEM 2100) high-resolution transmission electron
microscope (HRTEM) at an accelerating voltage of 200 kV. A Spectrum Two PerkinElmer Fourier transforms infrared instrument fitted
with an attenuated total reflection sample holder with a scanning range of 400-4000 cm™! was used to investigate the surface
chemistry. The fluorescence spectrum and fluorescent lifetime were obtained with an FS5 spectrofluorometer (Edinburg instruments)
at 450 nm excitation wavelength. The Ultraviolet-visible (UV-vis) absorption spectra were monitored in 1-cm quartz cuvettes at room
temperature (20 °C) using the double beam SP-UV 500 spectrophotometer (PerkinElmer). X-ray diffraction (XRD) analysis of the N-
CQDs was carried out using Brucker D8 Advance diffractometer with monochromatic CuKy; radiation (A = 1.5418 A).
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Fig. 1. (a) PL spectra of the as-synthesised N-CQDs at the different reaction temperatures, inset: digital photograph of the corresponding N-CQDs
solution under UV-lamp (A = 365 nm) (b) Absorption spectra of N-CQDs at the different reaction temperatures, (c) PL spectra of the as-synthesised
N-CQDs at different citric acid: glutamine precursor molar ratio at 200 °C and (d) Absorption spectra of the as-synthesised N-CQDs at different citric
acid: glutamine precursor molar ratio at 200 °C.
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2.4. Fluorescent sensing and selectivity evaluation

The fluorescent sensing of metal ions using N-CQDs was carried out as follows. 100 pL of an aqueous N-CQDs solution was added to
a cuvette containing 3 mL water. The fluorescent spectra of the N-CQDs were recorded via a spectrofluorometer at an excitation
wavelength of 450 nm. For sensitivity studies, 100 pL of aqueous N-CQDs was added to a separate cuvette containing 3 mL ion salts of
Fe(NO3)3, Co(NO3)2, Cd(NOs3)2, Pb(NO3)2, Cr(NO3)3, Zn(NOs)s, NaCl and KCl at 100 pM concentration. After about 5 min of incu-
bation to ensure complete interaction between N-CQDs and metal ions, the fluorescent spectra of the N-CQDs/metal ion mixture were
recorded via a spectrofluorometer. The difference in the PL intensity of the control sample (100 pL N-CQD in 3 mL water) with the one
containing each N-CQDS/metal ion was recorded. To evaluate the selectivity of the N-CQDs towards Fe>" ion, the same procedure was
repeated using the mixture of an equal volume of Fe®* with other interfering ions of Co?", Cd%*, Pb%*, Cr 3, Zn®", Na* and K*.

2.5. Real sample analysis

The preparation of potato (Solanum tuberosum) extracts was achieved via the wet digestion method. Each of the three potato tubers
was grounded into a powder. Then 1.0 g of each powdered Solanum tuberosum was transferred to a conical flask with the addition of 1:1
HNOs. The sample mixture was heated on an electric plate for 15 min 5 mL of concentrated HNO3 was added with further heating for
30 min until no brown fume was given off. 2 mL of water and 30 mL of 30% H50, were added with continuous heating until the volume
was reduced to less than 5 mL. Then 10 mL of HCI was added with further heating for 15 min. The sample was filtered with 0.22 pm
filter paper. The solution was transferred into a 100 mL standard flask and diluted to the mark with deionized water. The calibration
plot was determined using the standard addition method. The pH was adjusted to 6 using 1 M NaOH. For Fe>* ions analysis, 3 mL of
each of the resultant solution was added to 100 pL of the N-CQDs in a cuvette. The fluorescent spectra were recorded at an excitation
wavelength of 450 nm.
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Fig. 2. (a) TEM images of as-prepared N-CQDs (corresponding HRTEM insets); b)Size distribution of the N-CQDs; c¢) FTIR spectra of N-CQDs; d) XRD
pattern of the N-CQDs.
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3. Result and discussion
3.1. Optical properties of the N-CQDs

The glutamine-based N-CQD was prepared using citric acid and glutamine as the carbon and nitrogen sources, respectively. The
optimum synthesis temperature and the precursors molar ratio were determined using UV-Vis absorption spectroscopy and photo-
luminescence spectroscopy. Fig. 1a shows the photoluminescence spectra of the N-CQDs at different temperatures. The emission peak
position becomes red-shifted from 495 to 525 nm as the temperature increases with a minimal change between 200 and 240 °C. The
photographic image under the UV irradiation (Fig. 1a inset) shows that the fluorescent emission can be tuned from the blue to green
region. The fluorescent intensity increased as the temperature increased with maximum intensity at 200 °C. This has been attributed to
(i) an increase in the rate of the reaction of the amide linkage connecting to the carbon core [36] and (ii) carbonization [37]. The
decline in the fluorescent intensity above 200 °C could be attributed to the formation of impurities caused by the carbonization of the
amine into the carbon structure due to excessive heating [38,39].

The UV absorption spectra of the N-CQDs at varying synthesis temperature is shown in Fig. 1b. The spectra exhibited two ab-
sorption peaks across all the temperature studied. The first at 225 nm and the second at 330 nm are attributed to the n-t* transition of
the aromatic C=C bond and the n- n* transition of the C=0 bond, respectively [40]. The n-n* peak was similar across the temper-
atures, while the n- n* peak was strong at 180, 200 and 240 °C but weak at 160 and 220 °C. The peak position was the same for 180 and
200 °C, with a higher intensity observed at 200 °C. This result is in agreement with the result obtained from the photoluminescence
spectroscopy. Hence, 200 °C was used as the optimal synthesis temperature.

The optimal citric acid to glutamine precursor molar ratio was investigated at 200 °C. Fig. 1c shows the photoluminescence spectra
of the N-CQDs at a varying molar ratios of citric acid to glutamine precursors 1:1-1:4 (1:1, 1:1.5, 1:2, 1.3, and 1:4). The results showed
that the fluorescent intensity of the N-CQDS was enhanced with an increase in the nitrogen source. However, a decline in intensity was
observed above 1:3, but the emission peak position remains unaffected. The increase in the fluorescent intensity is attributed to the
formation of amide groups on the surface of the N-CQDs, caused by the increase in the number of nitrogen atoms. The UV absorption
spectra of the N-CQDs at a varying molar ratio of citric acid to glutamine are shown in Fig. 1d. The n- n* peak at 330 nm was weak for
ratios 1:1, 1:1.5, and 1:2 but strong for ratios 1:3 and 1:4; with a more intense peak at 1:3. The results suggest that a change in the molar
ratio of the precursors influences the type and numbers of functional groups present on the surface of the N-CQDs. The molar precursor
ratio (citric acid and glutamine) of 1:3 was used for further analysis.

3.2. Morphology and structural properties of the N-CQDs

The morphological and structural properties of the as-synthesised N-CQDs were investigated using HRTEM, FTIR, and XRD. The
typical HRTEM micrograph (Fig. 2a) of the as-synthesised N-CQDs at optimised synthesis conditions (200 °C and 1:3 C G) shows that
they are quasi-spherical in shape and uniformly dispersed. The presence of lattice fringes (inset) confirmed the crystallinity of the as-
synthesised N-CQDs with d-spacing (0.21 nm) aligning with (002) lattice planes of graphite. Fig. 2b shows the particle size distribution
of the N-CQDs with an average size of 3.41 + 0.76 nm. The FTIR spectra (Fig. 2c) show the functional groups present in the N-CQDs.
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Fig. 3. Media stability in a) NaCl; b) RPMI; ¢) PBS and d) photostability of the developed N-CQDs.



O.A. Aladesuyi and O.S. Oluwafemi Heliyon 9 (2023) e15904

The peak observed at 3184 cm ™! represents the presence of O-H stretching vibration bands, affirming the presence of carboxylic group
in the N-CQDs. A weaker peak at 3092 cm ™! shows the presence of N-H stretching band from the conjugated amide group. The ab-
sorption band at 1649 and 1569 cm ™! represent C—=0 and C-NH groups on the surface of the N-CQDs. This suggests that the amino
groups from the nitrogen source were incorporated into the N-CQDs structures. The peaks at 1414-1222 cm ™" are attributed to C-C,
C-N, and C-O stretching vibration bands. This result affirms the synthesis of the N-CQDs. The XRD pattern (Fig. 2d) displayed a broad
hump at 26 = 23° (002 lattice graphite plane). This is indicative of an amorphous nature of N-CQDs with disordered carbon. It also
indicates the presence low graphitic carbon structure.

3.3. Media stability

The stability of fluorescent nanomaterials in different aqueous media can be used to evaluate their practical application. The
stability of the as-synthesised N-CQD was investigated in NaCl, RPMI, and PBS media (Fig. 3 a-c). The stability test in NaCl was carried
out at different concentrations (0.1, 0.2, 0.5, and 1 M), while in RPMI and PBS, the stability was carried out between 0-5 h and 0-24 h,
respectively. The result shows no noticeable change in the fluorescent intensity of the N-CQDs at different concentrations of NacCl
(Fig. 3a). In addition, the fluorescence intensity remains stable in RPMI (Fig. 3b) and PBS(Fig. 3c). Furthermore, the photostability of
the as-synthesised N-CQDs was investigated by irradiating the nanosensor with 365 nm UV light for an extended period (Fig. 3d). The
result from the test showed little or no change in fluorescent intensity of the N-CQDs over the period. The excellent stability in these
media makes the as-synthesised material a good candidate as nanoprobes in a similar environment. In addition, its stability in the
natural saline medium is an advantage for its use in real-life applications.

3.4. pH effect

The effect of pH variation on the fluorescent intensity of the N-CQDs at an excitation wavelength of 450 nm was also investigated
(Fig. 4). The fluorescent intensity was quenched at acidic pH of 2-3. The intensity increases gradually from pH 4-6 and reaches the
maximum at pH 6. The fluorescence intensity was stable at pH 7-8, while the PL intensity started to decrease above pH 8, with no
noticeable change observed at pH 9-12. The reduction in the fluorescence intensity in the acidic region could be attributed to the
protonation of the amino and carboxylic functional groups on the surface of the N-CQDs. The protonated functional groups redistribute
the surface electrons of the N-CQDs, leading to their agglomeration and eventually quenching their fluorescence. Similar observations
had been reported [41,42]. At the alkaline pH, deprotonation of the carboxyl and amino groups occurs. As a result, a negative charge
shell (protective layer) gradually forms on the N-CQDs surface. The fairly stable fluorescence experienced at pH 9-12 is attributed to
this protective layer [43].

3.5. Selectivity and sensory evaluation of the N-CQDs nanosensor

The application of N-CQDs as fluorescent nanosensor has been widely studied. The presence of hydroxyl, carboxyl and amine
groups on their surfaces enables them to form a coordinated complex with metal ions. The formation of this N-CQDs/metal ion
complex resulted in quenching their fluorescent intensity. In this work, we studied the change in the fluorescent properties of the as-
synthesised N-CQDs after the addition of various metal ion salts. The quenching of PL intensity of the N-CQDs in the presence of various
metal ion salts at 450 nm is shown in Fig. 5a. A significant quenching of the fluorescent intensity of the N-CQDs was observed in the
presence of Fe®>' at 450 nm excitation while other metal ions showed little or no influence on the PL intensity of the N-CQDs. The
fluorescent quenching by Fe>" may be due to the non-luminescent coordination interaction between Fe > and the hydroxyl or
carboxyl group present on the N-CQDs surface. The formed hydroxy or carboxyl complex alters the electronic structure of N-CQDs. This
alteration influences the movement and distribution of electrons to form a non-radioactive/hole recombination resulting in the
quenching of the fluorescent intensity of the N-CQDs [44,45].

To evaluate the selectivity of the N-CQDs toward Fe>", a mixture of Fe>* ions with other interfering ions was added to an aqueous
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solution containing N-CQDs. The result in Fig. 5b indicates that the quenching experienced was due to the effect of Fe>* on the N-CQDs
only. Other ions in the solution did not affect the fluorescence. This affirms the selectivity of the as-synthesised N-CQDs towards Fe>*
and the possible application of this fluorescent nanoprobe to determine Fe3*in actual complex samples.

Table 1

Fe®" determination using different nanosensors.
Probe Precursor Principle Linear Range (1M)  LOD References

(uM)
N-CQDs Malic acid/Urea Static/IFE quenching 5-60 1.9 [47]
KBN-CQDS Poa Pratensis (Kentucky bluegrass) Formation of coordination 5-25 1.4 [48]1
complex
N-CQDs Gluthamic acid and Ethylenediamine Static quenching 8-80 3.8 [49]
N-CQDs Lactic acid and ethylenediamine Not stated 25-175 1.89 [50]1
CQDs Roasted chickpeas Static quenching 11.25-37.5 2.74 [51]
Benzothiazole based Ethyl-5-benzothiazolyl-2- Coordination reaction 50-400 5.86 [52]
sensor hydroxybenzoate

N-CQDs Garlic skins Dynamic quenching 0-100 4.44 [53]
N-CQDs Citric acid and glutamine Static quenching 2-40 1.05 This work
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The sensitivity of the nanoprobe was investigated at low concentrations of Fe®* in the range of 0-100 M. The photoluminescence

intensity of the N-CQDs decreases gradually with increasing concentration at 450 nm excitation (Fig. 5¢). This suggests that the as-

synthesised N-CQD can detect Fe>" even at low concentrations. The fluorescence quenching obeys the Stern Volmer equation [46].

Fo
7= KyC+1

K,y -Stern -Volmer constant, C-concentration of quencher molecule (Fe®™), F, and F are the PL intensities of N-CQD at 450 nm in the
absence and presence of Fe3* respectively.

The Stern-Volmer plot has good linearity with R? value of 0.9911 (Fig. 5d). The limit of detection was obtained using the formula
LOD = % . Where SD is the standard deviation of the blank N-CQDs, and S is the slope of the calibration curve. The calculated limit of
detection is 1.05 pM, which is low compared to those previously reported in the literature (Table 1). In addition, the synthetic pro-

cedure is simple and the developed nanosensor was used without any further functionalisation in contrast to those already reported
nanosensor.

3.6. PL quenching mechanism of N-CQDs

The fluorescent quenching in carbon quantum dots by quenching molecules occurs mainly via the following mechanism; static,
dynamic quenching, Forster energy resonance transfer (FRET), inner filter effect (IFE), and photo-induced electron transfer (PET) [54,
55]. A fluorescent lifetime study is a vital tool in determining if the mechanism is either static or dynamic [56,57]. If the fluorescent
lifetime values of the N-CQDs in the presence and absence of the quencher molecule are similar, then it is static quenching; otherwise, it
is dynamic quenching [58,59]. To investigate the quenching behaviour of the N-CQDs, the fluorescent lifetime measurement was
recorded with and without the quencher molecule (Fig. 6a). The average fluorescent lifetime was 7.29 ns and 7.51 ns in the presence
and absence of, Fe>*respectively. These results show that the presence of Fe>* has minimal influence on the excited states of the
N-CQDs. Hence the results fulfill the condition for a static process. To further elucidate the possible quenching mechanism, the UV-Vis
absorption spectra of the N-CQDs were obtained in the presence and absence of Fe>* ions. The result (Fig. 6b) showed some variations
in the spectra of the N-CQDs with the addition of Fe3". It was observed that the intensity of the N-CQDs/Fe>" at absorption peaks of 230
and 328 nm was enhanced. This may be attributed to the complexation between the N-CQDs and the Fe>* ion, which is considered to
meet the criteria for static quenching [60,61]. Based on these results, we propose that the mechanism governing the fluorescent
quenching of N-CQDs by Fe3*ions was mainly via the static quenching process.

3.7. Real sample analysis

The amount of Fe3* ions present in three different Solanum tuberosum extracts was determined using the standard addition method
based on a change in the fluorescence signal of the N-CQDs under optimised pH conditions. The amount of Fe®" in the sample solutions
detected by the nanoprobe was compared with an established technique, ICP-MS. The result (Table 2) showed a satisfactory level of
accuracy, 92.13-96.20%. Furthermore, the Solanum tuberosum extract samples were spiked with different concentrations of Fe3*(5, 20,
and 30 pM). As shown in Table 2, the actual spiked samples agree with the amount recovered (99.23%-103.9%) with a low relative

standard deviation (1.53-2.73). These results affirm the reliability and accuracy of the N-CQDs-based fluorescent nanosensor for
detecting Fe>" ions in food samples.
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Fig. 6. (a) Fluorescence lifetime decay curve of N-CQDs in the absence and presence of Fe®*(b) UV-Vis spectra of N-CQDs in the absence and
presence of Fe3*,
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Table 2
Experimental test for Fe>* determination in Solanum tuberosum using newly developed N-CQDs and ICP-MS.

Solanum tuberosum

S/N DetectedICP-MS (pM) Detected N-CQDs (pM) Accuracy N-CQDs (%) Spiked (pM) Found N-CQDs (pM) Recovery (%) RSD (%)

1 7.1 6.83 96.20 30 37.67 102.2 1.53
2 7.5 6.91 92.13 20 27.95 103.9 2.73
3 11.36 11.93 95.22 5 16.80 99.23 1.58

*RSD-Relative standard deviation.

4. Conclusion

In summary, a facile, fast and cost-effective method was used for the synthesis of nitrogen-doped fluorescent carbon quantum dots
via a hydrothermal method using citric acid as the carbon source and glutamine as a novel nitrogen source. The temporal evolution of
the optical properties of N-CQDs was investigated by varying the reaction temperature and citric acid: glutamine precursor ratios
showed the optimal condition to be 200 °C and 1:3 precursor ratio. The as-synthesised N-CQDs are spherical in shape with an average
particle diameter of 3.41 + 0.76 nm and displayed green emissions. The as-synthesised N-CQDs were stable in NaCl (up to 1 M), RPMI,
and PBS without any notable change in fluorescent intensity. However, the N-CQDs was sensitive to pH changes as the fluorescent
intensity quenches in the acidic and alkaline region. The FTIR confirms the presence of carboxyl, hydroxy and amino groups on the
surface of the N-CQDs. This was responsible for their Fe 3* sensing ability through the formation of Fe*>*/amide and Fe3*/carboxyl
coordination complex. Under optimised conditions, the N-CQDs showed selectivity towards Fe>* in the presence of interfering ions
with a low detection limit of 1.05 pM. The mechanism of quenching, as shown by the fluorescent decay lifetime and UV-Vis spectrum,
indicates static quenching mechanism. The as-synthesised N-CQDs were used in practical application as a fluorescent probe to
determine the amount of Fe>* in Solanum tuberosum (Potatoes). The result closely resembled that obtained from inductively coupled
mass spectroscopy (ICPMS); an established procedure with high accuracy (92.13%-96.20%). Furthermore, excellent recovery
(99.23%-103.9%) was recorded when the N-CQDs detected samples were spiked with known concentrations of Fe3* ions. This
validated the reliability and accuracy of the developed fluorescent nanosensor for determining Fe>* in actual food samples. This
method is facile and environmentally friendly, and the as-synthesised N-CQDs can be employed to rapidly determine the amount of
Fe3* jon in actual food samples.
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