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Abstract: Although iron is an essential constituent for almost all living organisms, iron dyshomeosta-
sis at a cellular level may trigger oxidative stress and neuronal damage. Hence, there are numerous
reported carbon dots (CDs) that have been synthesized and applied to determine intracellular iron
ions. However, among reported CDs focused to detect Fe3+ ions, only a few CDs have been designed
to specifically determine Fe2+ ions over Fe3+ ions for monitoring of intracellular Fe2+ ions. We have
developed the nitrogen-doped CDs (NCDs) for fluorescence turn-off detection of Fe2+ at cellular
level. The as-synthesized NCDs exhibit a strong blue fluorescence and low cytotoxicity, acting as
fluorescence probes to detect Fe2+ as low as 0.702 µM in aqueous solution within 2 min and visualize
intracellular Fe2+ in the concentration range from 0 to 500 µM within 20 min. The as-prepared NCDs
possess some advantages such as high biocompatibility, strong fluorescence properties, selectivity,
and rapidity for intracellular Fe2+ monitoring, making NCDs an excellent nanoprobe for biosensing
of intracellular ferrous ions.

Keywords: intracellular Fe2+ detection; fluorescence turn-off; nitrogen-doped carbon dots; bioimaging

1. Introduction

Iron, an essential constituent that is required for the survival of almost all living cells
and organisms, is involved in critical biochemical processes such as oxygen transportation,
electron transfer reactions in mitochondria, and DNA synthesis and repair [1]. Iron home-
ostasis is critical to be regulated to prevent iron deficiency or iron overload that may cause
reduced oxygen transport and diminished activity of Fe-dependent enzymes or catalyze the
formation of highly reactive hydroxyl radicals, oxidative stress, and programmed cell death,
respectively [2,3]. Iron dyshomeostasis is implicated in major neurodegenerative disorders
such as Alzheimer’s disease [4,5] and Parkinson’s disease [6,7]. The measurement of iron
level could play an important role in the early intervention of neurodegenerative disorders,
therefore, it is essential to develop simple and rapid method to accurately monitor irons in
aqueous solution, living cells and organisms.

Carbon dots (CDs) have emerged as effective nanoparticles that can be an alternative
to conventional fluorescent agents for imaging-assisted sensing applications owing to their
superior advantages including ease and large-scale production with low cost, excellent
photoluminescence with good photostability, easy functionalization, and sufficient biocom-
patibility [8,9]. To our knowledge, although fluorescent CDs have been widely utilized
in the detection of intracellular iron ions based on the fluorescence quenching effects of
iron ions [10–20], most of them were developed for the monitoring of trivalent ferric Fe3+

ions [10–15]. Few reported CDs have been designed for specific detection of divalent fer-
rous Fe2+ ions over ferric ions [18–20] and successfully applied to monitor the intracellular
Fe2+ ions [16,21]. Ferrous ions enhance oxidative stress by catalyzing the production of re-
active oxygen species that induce biochemical signaling processes, leading to degenerative
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diseases such as cancer, Alzheimer’s disease, and Parkinson’s disease [22–24]. Therefore,
due to the distinctive properties of fluorescent CDs and the necessity of intracellular ferrous
ion detection, it is highly desired to successfully explore the Fe2+-sensitive CDs for rapid
determination of intracellular ferrous ions.

In this work, we report an affordable nitrogen-doped CDs (NCDs) that could rapidly
detect Fe2+ ions over Fe3+ in aqueous solution and monitor the presence of intracellular
Fe2+ ions (Figure 1). NCDs have been synthesized by using citric acid as a carbon source
and polyethyleneimine molecular weight 1800 (PEI1800) as a nitrogen source. These NCDs
exhibit bright blue fluorescence that is responsive towards Fe2+ ions and possess low
cytotoxicity for bioimaging. The presence of Fe2+ causes a strong fluorescence quenching
effect on NCDs, due to the coordinate bond formation between Fe2+ ions and O atoms
on the NCDs surface, showing that NCDs serve as a fluorescent probe for the robust and
selective detection of Fe2+ in live cells without any modification.
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Figure 1. Representation of fluorescence quenching effect of ferrous ions on CDs and their application
in intracellular Fe2+ ion monitoring.

2. Materials and Methods
2.1. Materials

Citric acid monohydrate (C6H8O7·H2O) as carbon source and Polyethylenimine
(PEI1800, branched average molecular weight 1800) as nitrogen source were obtained
from OCI Company (Seoul, Korea) and Alfa Aesar (Haverhill, MA, USA), respectively. All
metal ions were prepared using their nitrate, sulfate, or chloride salts that were purchased
from Sigma-Aldrich (Seoul, Korea). Ethylenediaminetetraacetic acid (EDTA) was received
from Amresco (Solon, OH, USA). Deionized (DI) water at 18.2 MΩ cm was purified using a
Milli-Q system (Purescience, Seongnam, Korea). All reagents were of analytical grade and
were used for the experiment without further purification.

2.2. Synthesis and Characterization of NCDs

All glassware and autoclave reactors were thoroughly washed with deionized (DI)
water and air-dried before being used for the experiment. NCDs were synthesized by
hydrothermal treatment of citric acid monohydrate (19 mmol) and PEI1800 (1.25 mmol) in
30 mL DI water. The mixture solution was vigorously stirred for 30 min at room temperature
and then heated at 190 ◦C for 1 h. During short-time hydrothermal synthesis, NCDs with
enhanced fluorescence quantum yield were formed with the presence of pyridine-type
fluorophore intermediates on the surface [25,26]. After cooling to room temperature, a
pale-yellow solution containing NCDs was filtered through 0.22 µm micron filter to remove
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the large particles. The excess chemicals were removed by using absolute ethanol. Finally,
NCDs were dispersed in DI water and stored at 4 ◦C for further usage.

The as-prepared NCDs were used to characterize the physical properties. High-
resolution transmission electron microscopy (TEM-FEI Tecnai, USA) was employed to
measure the size of NCDs. Fourier-transform infrared (FT–IR) spectrometry (Jasco 6600FV,
Jasco, Tokyo, Japan) was used to explore the surface chemistry of NCDs. Multi-mode
microplate reader (96-well microplate, BioTek Synergy H1, Winooski, VT, USA) was applied
to acquire the UV–Vis and fluorescent spectra of NCDs. Raman spectrometry (resolution
5 cm−1; RamanRxn1, Kaiser Optical Systems, Ann Arbor, MI, USA) with 785 nm laser
source (LM-785-PLR-100-1K, Ondax, Monrovia, CA, USA) was used to record the Raman
spectra of NCDs before and after addition of Fe2+ to explore the mechanism of fluorescence
quenching effect of ferrous ions. Fluorescence microscopy (Olympus, CKX53, Tokyo, Japan)
was used to observe the fluorescence image of cells with and without incubation of NCDs.

2.3. Cell Culture, Cell Cytotoxicity and Cell Uptake

Human keratinocyte HaCaT cell and human breast cancer cell MCF-7 obtained from
Korean cell line bank (Seoul, Korea) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin
and streptomycin at 37 ◦C in 5% CO2.

The cytotoxicity of NCDs on HaCaT and MCF-7 cells was determined by EZ-Cytox
Enhanced Cell Viability Assay Kit (DOGEN, Seoul, Korea), in accordance with the man-
ufacturer’s instructions. Briefly, 2 × 104 cells/100 µL medium were seeded into 96-well
culture plate. Cells were treated with 5 µL of different concentrations of NCDs of (200, 400,
600, 800, and 1000) µg/mL, and incubated for (4 or 24) h at 37 ◦C. Subsequently, 10 µL of
EZ-Cytox solution was added to each well, and cells were incubated at 37 ◦C for 30 min.
The absorbance was measured by a 96-well plate reader at 450 nm.

For cellular uptake assay, 2 × 104 MCF-7 cells or HaCaT cells were seeded into a
96-well culture plate. Cells were treated with 100 µg/mL NCDs for 4 h for cell imaging.
The fluorescence images of the cells were obtained by fluorescence microscopy (Olympus,
CKX53, Tokyo, Japan).

2.4. Turn-Off Fluorescent Probes to Determine Ferrous Ion in Live Cells

The quantitative measurement of ferrous ion concentration correlated with the emis-
sion fluorescence intensity of NCDs upon the addition of Fe2+ ions. Briefly, 10 µL NCDs
solution was diluted in phosphate buffered saline (PBS) buffer to obtain 100 µL solution.
Two hundred µL of Fe2+ ions at different concentrations of (0–50) µM were added to the as-
prepared NCDs solution, and allowed to react for different incubation times of (0–20) min.
The fluorescence emission intensity of the resultant solution was recorded to confirm the
correlation between Fe2+ ions concentration and the change of spectral intensity. The
ratiometric analytical process of ferrous ion sensor was validated by calculating the ratio
of fluorescence emission intensity before (Fo) and after (F) the addition of Fe2+ ions. The
interference effect was explored by using the same concentration of other metal ions (Na+,
K+, Ag+, Ca2+, Pb2+, Co2+, Mg2+, Fe3+, Cu2+), with EDTA as a masking agent.

The feasibility of NCDs to detect Fe2+ in living cells was determined using both HaCaT
and MCF-7 cells. Briefly, 2 × 104 cells of HaCaT and MCF-7 cells were seeded into 96-well
culture plate. Cells were first treated with NCDs for 4 h for successful penetration of NCDs
inside cells. In order to effectively detect Fe2+, 50 µL of different concentrations of Fe2+

solution (from 0 to 500 µM) was added into each group. After 20 min, the fluorescence
images of the cells were obtained by fluorescence microscopy (Olympus, CKX53, Tokyo,
Japan), and the correct total cell fluorescence was measured using ImageJ software for the
semi-quantitative monitoring of Fe2+ in living cells.
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3. Results and Discussion
3.1. Physical Characterization of NCDs

Nitrogen-doped carbon dots were successfully synthesized by a one-step hydrother-
mal treatment of citric acid and PEI1800 as carbon source and nitrogen source, respectively.
The TEM image of NCDs shows the spherical shape of the as-prepared NCDs with an
estimated diameter of 3.5–4.5 nm, indicating the high dispersibility and colloidal stability of
the NCDs (Figure 2a). The FTIR spectra of citric acid, PEI1800, and NCDs were performed
to assess the surface functional groups of the NCDs (Figure 2b). The FTIR spectrum of
NCDs showed a broad absorption band at (3150–3450) cm−1, which corresponds to stretch-
ing vibrations of the –OH and –NH2 groups; peak at 1272 cm−1, which belongs to the C–O
groups; C–H bending vibration peak at 1457 cm−1, and C–H stretching regions at (2849
and 2968) cm−1; and peaks at (1045, 1553, and 1375) cm−1 that are attributed to the N–H
and C–N groups that exist in PEI1800. These results thus suggest the presence of hydroxyl,
carboxyl, and amino groups on the particle surface that remain from the characteristic
groups of citric acid and PEI1800. Optical properties of NCDs were investigated for the
further application. Figure 2c shows the absorption peak of NCDs at 365 nm that originated
from the n–π transition of C=O bonds [27]. Different excitations were used to monitor the
maximum emission of NCDs. Upon optimal excitation at 365 nm, the sharp fluorescence
emission peak at 445 nm was obtained, indicating the maximum fluorescence intensity of
NCDs at 445 nm under irradiation at 365 nm (Figure 2d). These results indicate the optical
and physicochemical properties of NCDs for further sensing and bioimaging application.

1 

 

 

Figure 2. (a) TEM image of NCDs. (b) FTIR spectra of citric acid, PEI1800 and NCDs for confirmation
of surface groups on NCDs. (c) UV–Vis absorption spectrum of NCDs. (d) The optimal fluorescence
spectra of NCDs.
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3.2. Biocompatibility of NCDs as Fluorescent Nanoprobes and Bioimaging Application

To validate the biocompatibility of the NCDs, the cytotoxicity study was carried
out using Ez-Cytox assay on two different cell lines, HaCaT and MCF-7. We chose two
reaction time points of (4 and 24) h to observe the cell viability under the treatment of a
wide range concentration of NCDs of (0, 200, 400, 600, 800, and 1000) µg/mL. Figure 3a
shows that after either (4 or 24) h incubation, the proliferation of both HaCaT and MCF-7
was almost unaffected by NCDs, even at the concentration of NCDs up to 1000 µg/mL.
The result reveals that the NCD probe is highly biocompatible, and could be applied for
intracellular imaging. Owing to their low cytotoxicity, the ability of the NCDs as optical
nanoprobes to operate in in vitro living cell imaging was also evaluated. The applicability
of NCDs for intracellular fluorescence imaging was investigated in live MCF-7 cells. It was
found that the cells incubated with NCDs exhibited strong blue fluorescence (Figure 3b),
demonstrating that the NCDs could penetrate the cell membrane, and translocate into
cells. This result indicates that the NCDs are potential optical nanoprobes for real-time cell
imaging and tracking.
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Figure 3. (a) Cytotoxicity of NCDs at different concentrations (0–1 mg/mL) toward HaCaT and
MCF-7 cells. (b) Bright field and fluorescence microcopy images of NCDs treated on MCF-7 cells
after incubation at 37 ◦C for 30 min.

3.3. Rapid Detection of Fe2+ Ion

To quantitatively evaluate the detection ability of NCDs to Fe2+, the fluorescence
intensity changes of an equal amount of NCDs in the presence of different concentrations
of Fe2+ ion were measured. In order to determine the optimal quenching time, the fluores-
cence intensities of NCDs were evaluated at different times after addition of Fe2+ ion. The
value of fluorescence intensity was obtained from the fluorescence spectra by recording the
maximum fluorescence emission intensity at 445 nm under 365 nm excitation. Figure 4a
shows that during the early stage of reaction (just 2 min after the quenching reaction), the
fluorescence quenching ratio Fo/F (where Fo is the fluorescence of the initial NCDs, and F
is the fluorescence after the addition of Fe2+) was dramatically increased (approximately
4.5-fold increase); and after 20 min, this quenching effect remained constant. Thus, 2 min
was chosen for the following experiments. Under the optimal live-cell culture conditions
(pH 7.4), there is a continuous decrement in the fluorescence signals of NCDs when the
concentration of Fe2+ increases from (0 to 50) µM. In the presence of 50 µM Fe2+, the fluores-
cence emission of the as-prepared NCDs is almost completely quenched (Figure 4b). These
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results imply that the fluorescence of NCDs is highly sensitive to the Fe2+ concentrations in
the solution. The Fo/F value increases with the concentration of Fe2+ ion, and displays a
good linear relationship in the concentration range (0–50) µM with a correlation coefficient
(R2) of 0.988. The low limit of detection at 0.702 µM was calculated by 3S/b where S and
b are the standard error value of intercept and the slope value of the calibration curve,
respectively (Figure 4c).
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Figure 4. (a) Fluorescence quenching efficiency of NCDs in the presence of Fe2+ at different incubation
time. (b) Fluorescence quenching spectra under 365 nm excitation in the presence of increasing
concentrations of Fe2+ ion of (0–50) µM. Inset: photographs of NCDs solution with/without ferrous
ion under UV light at 365 nm presents the quenching effect of Fe2+ ion. (c) Linear correlation
between Fe2+ concentration of (0–50) µM and fluorescence quenching efficiency (Fo/F). Inset: linear
relationship between Fe2+ concentration of (0–6.25) µM and quenching efficiency with good linear
calibration. (d) Raman spectra of NCDs, FeSO4, and NCDs with Fe2+ ion reveal the charge–transfer
fluorescence quenching by chelation between NCDs and Fe2+. (e) Schematic of chelating quenched
fluorescence via Fe2+ chelation and electron transfer. (f) Fluorescence spectra of NCDs after addition
of various metal ions. (g) Quenching effect of different ions on fluorescence of NCDs.

The possible quenching mechanism of Fe2+ was confirmed by Raman spectra. The
Raman experiment was performed to provide more insight into the chemical nature of
the as-prepared NCDs before and after interaction with Fe2+. Figure 4d shows that in the
absence of Fe2+, NCDs exhibit no Raman signal under the measurement condition, due
to the strong background fluorescence emission [28]. The presence of Fe2+ provokes a
change of the NCDs’ surface chemistry via chelation, due to the coordinate bond formation
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between Fe2+ ions and O atoms on the surface functional groups of NCDs [29]. The Raman
spectrum of FeSO4 clearly shows a sharp peak at 979 cm−1 attributed to the presence of
S–O stretching bond [30–32]. The Raman spectrum of the NCDs after the treatment of
Fe2+ ions indicated that the peaks at (1322, 1587, and 1454) cm−1, known as the disorder
(D) band, crystalline (G) band [33,34], and -CH2 stretching vibration [35], respectively, are
more prominent compared to the non-treated NCDs, suggesting the initial characteristics
of the NCDs appear after the removal of the fluorescence background due to the quenching
fluorescent effect of Fe2+ ions. In addition, a prominent peak found at 609 cm−1 in the
Fe2+-treated NCDs is attributed to the formation of the Fe–O coordinate bond due to the
coordinate bond formation between the Fe2+ and O atoms on the surface of NCDs, while
a weak peak in the same region was seen for FeSO4 alone. These results confirmed the
fluorescence quenching mechanism of Fe2+ toward NCDs due to the chelation of NCDs
with Fe2+ that is attributed to the interaction between abundant functional groups of NCDs
and Fe2+, where the electron transfer to Fe2+ ions occurred, in which NCDs serve as a
donor of electron pairs, while the Fe2+ is the acceptor, leading to fluorescence quenching,
as illustrated in Figure 4e.

To support the selectivity of the NCDs nanoprobe in detecting Fe2+, the fluorescence
response of NCDs toward Fe2+ over interferent ions has been investigated. The same
concentration of NCDs was treated with Fe2+ and other metal ions of Fe3+, Na+, K+, Ag+,
Ca2+, Pb2+, Co2+, Mg2+, and Cu2+. Figure 4f,g show that among all these metal ions,
the NCDs treated with Fe2+ show a remarkably high Fo/F value, implying the strong
quenching effect on NCDs fluorescent intensity, while less fluorescence quenching effect
was observed in NCDs treated with other metal ions. Especially, a negligible quenching
was obtained with Fe3+ ion, indicating the high selectivity of these NCDs to Fe2+ over Fe3+.
Co2+ and Cu2+ ions caused a slight quenching interference effect on NCDs; however, upon
the addition of EDTA as a masking agent, these ions were effectively masked. Due to rapid
reaction, the quenching effect caused by Fe2+ was not affected by the presence of EDTA.
These results demonstrate that the NCDs fluorescence probe is selective toward Fe2+ over
the other metal ions due to the complex formation between Fe2+ and NCDs. The presence
of other metal ions does not significantly affect the quenching effect of NCDs toward Fe2+,
illustrating the selectivity of NCDs towards Fe2+ in a complex ions sample.

3.4. Turn-Off Fluorescent Probe for Fe2+ Monitoring in Live Cells

The feasibility of the proposed NCD probes in live cells was evaluated by monitoring
the level of intracellular Fe2+ by fluorescence microscopy using HaCaT and MCF-7 cell
lines. Upon the addition of Fe2+ at (0–500) µM concentrations, the fluorescence intensity
of the NCDs solution was gradually quenched in both MCF-7 cells and HaCaT cells
(Figure 5). Quantitative analysis of the fluorescence intensity in Fe2+ treated MCF-7 and
HaCaT cells showed a significant decrease of the fluorescence signal in accordance with the
increase of Fe2+ concentrations (Figure 6a). A significant correlation between the increased
concentration of intracellular Fe2+ and the reduced cellular fluorescence was found in both
MCF-7 and HaCaT cell lines, with the coefficient value (R2) of (0.972 and 0.913), respectively
(Figure 6b). The fluorescence quenching ability of Fe2+ was found to be more efficient in
the breast cancer cell MCF-7, compared to keratinocyte HaCaT. Due to the high demand of
iron, the transferrin receptor is overexpressed at the surface of cancer cells to facilitate iron
influx into cancer cells, leading to more efficient quenching effect on the fluorescence of
NCDs, as compared to normal cells [36,37]. As the results, the capacity of NCDs to detect
Fe2+ in different cells via fluorescence quenching could exhibit their potential in monitoring
of intracellular Fe2+.
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4. Conclusions

Fe2+-sensitive CDs have been successfully designed to determine the presence of
intracellular Fe2+ ions based on quenching effect upon addition of Fe2+ into CDs. The NCDs
not only possessed the strong blue fluorescence with high biocompatibility for bioimaging
application, but exhibited the potential ability to rapidly detect Fe2+ ions over Fe3+ ions
in aqueous solution within 2 min at low limit of detection of 0.702 µM. Additionally,
these NCDs were successfully applied as an effective probe for the monitoring of Fe2+ in
living cells including normal and cancer cells within 20 min. The fluorescence turn-off
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detection of Fe2+ at cellular level was easily observed within short time, suggesting the
feasibility of these CDs for their utilization as potential probes to monitor intracellular
Fe2+. There is less report about Fe2+-sensitive CDs for intracellular sensing of Fe2+, thus,
these CDs could significantly contribute to further intracellular Fe2+ sensing application by
acting as promising candidate for bioimaging and rapid monitoring of intracellular Fe2+

owing to their advantages including ease of synthesis, strong fluorescence properties, high
biocompatibility, and selective and rapid sensing performance of Fe2+ in living cells.

Author Contributions: Conceptualization, L.M.T.P. and S.C.; methodology, L.M.T.P.; validation,
L.M.T.P. and S.C.; formal analysis, L.M.T.P. and T.X.H.; investigation, L.M.T.P. and T.X.H.; resources,
S.C.; writing—original draft preparation, L.M.T.P. and T.X.H.; writing—review and editing, L.M.T.P.;
supervision, L.M.T.P. and S.C.; project administration, S.C.; funding acquisition, S.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by National Research Foundation of Korea (NRF-2020M3A9E4104385),
Korea Environment Industry & Technology Institute (KEITI) through “Technology Development
Project for Biological Hazards Management in Indoor Air” Project, funded by Korea Ministry of
Environment (MOE) (G232021010381) and GRRC program of Gyeonggi province (GRRC-Gachon2020
(B01), AI-based Medical Image Analysis).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The dataset generated and analyzed in this study is not publicly
available, but may be obtained from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Galaris, D.; Barbouti, A.; Pantopoulos, K. Iron homeostasis and oxidative stress: An intimate relationship. Biochim. Biophys. Acta

(BBA)-Mol. Cell Res. 2019, 1866, 118535. [CrossRef]
2. Gozzelino, R.; Arosio, P. Iron homeostasis in health and disease. Int. J. Mol. Sci. 2016, 17, 130. [CrossRef] [PubMed]
3. Yiannikourides, A.; Latunde-Dada, G.O. A short review of iron metabolism and pathophysiology of iron disorders. Medicines

2019, 6, 85. [CrossRef]
4. Ashraf, A.; Jeandriens, J.; Parkes, H.G.; So, P.-W. Iron dyshomeostasis, lipid peroxidation and perturbed expression of cys-

tine/glutamate antiporter in Alzheimer’s disease: Evidence of ferroptosis. Redox Biol. 2020, 32, 101494. [CrossRef] [PubMed]
5. Peters, D.G.; Connor, J.R.; Meadowcroft, M.D. The relationship between iron dyshomeostasis and amyloidogenesis in Alzheimer’s

disease: Two sides of the same coin. Neurobiol. Dis. 2015, 81, 49–65. [CrossRef] [PubMed]
6. Ma, L.; Gholam Azad, M.; Dharmasivam, M.; Richardson, V.; Quinn, R.J.; Feng, Y.; Pountney, D.L.; Tonissen, K.F.; Mellick, G.D.;

Yanatori, I.; et al. Parkinson’s disease: Alterations in iron and redox biology as a key to unlock therapeutic strategies. Redox Biol.
2021, 41, 101896. [CrossRef] [PubMed]

7. Riederer, P.; Monoranu, C.; Strobel, S.; Iordache, T.; Sian-Hülsmann, J. Iron as the concert master in the pathogenic orchestra
playing in sporadic Parkinson’s disease. J. Neural Transm. 2021, 128, 1577–1598. [CrossRef]

8. Phan, L.M.T. Fluorescent carbon dots as prospective nanoagents for imaging-assisted biomedical applications. Curr. Med. Chem.
2021. [CrossRef]

9. Liu, J.; Li, R.; Yang, B. Carbon Dots: A new type of carbon-based nanomaterial with wide applications. ACS Cent. Sci. 2020, 6,
2179–2195. [CrossRef]

10. Liu, L.; Zhang, S.; Zheng, X.; Li, H.; Chen, Q.; Qin, K.; Ding, Y.; Wei, Y. Carbon dots derived from Fusobacterium nucleatum for
intracellular determination of Fe3+ and bioimaging both in vitro and in vivo. Anal. Methods 2021, 13, 1121–1131. [CrossRef]

11. Chen, Y.; Sun, X.; Pan, W.; Yu, G.; Wang, J. Fe3+-sensitive carbon dots for detection of Fe3+ in aqueous solution and intracellular
imaging of Fe3+ inside fungal cells. Front Chem. 2020, 7, 911. [CrossRef] [PubMed]

12. Li, J.; Tang, K.; Yu, J.; Wang, H.; Tu, M.; Wang, X. Nitrogen and chlorine co-doped carbon dots as probe for sensing and imaging
in biological samples. R. Soc. Open Sci. 2019, 6, 181557. [CrossRef]

13. Lesani, P.; Singh, G.; Viray, C.M.; Ramaswamy, Y.; Zhu, D.M.; Kingshott, P.; Lu, Z.; Zreiqat, H. Two-Photon Dual-Emissive Carbon
Dot-Based Probe: Deep-tissue imaging and ultrasensitive sensing of intracellular ferric ions. ACS Appl. Mater. Interfaces 2020, 12,
18395–18406. [CrossRef]

14. Lesani, P.; Ardekani, S.M.; Dehghani, A.; Hassan, M.; Gomes, V.G. Excitation-independent carbon dot probes for exogenous and
endogenous Fe3+ sensing in living cells: Fluorescence lifetime and sensing mechanism. Sens. Actuators B Chem. 2019, 285, 145–155.
[CrossRef]

http://doi.org/10.1016/j.bbamcr.2019.118535
http://doi.org/10.3390/ijms17010130
http://www.ncbi.nlm.nih.gov/pubmed/26805813
http://doi.org/10.3390/medicines6030085
http://doi.org/10.1016/j.redox.2020.101494
http://www.ncbi.nlm.nih.gov/pubmed/32199332
http://doi.org/10.1016/j.nbd.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26303889
http://doi.org/10.1016/j.redox.2021.101896
http://www.ncbi.nlm.nih.gov/pubmed/33799121
http://doi.org/10.1007/s00702-021-02414-z
http://doi.org/10.2174/0929867328666211129121958
http://doi.org/10.1021/acscentsci.0c01306
http://doi.org/10.1039/D1AY00020A
http://doi.org/10.3389/fchem.2019.00911
http://www.ncbi.nlm.nih.gov/pubmed/32010664
http://doi.org/10.1098/rsos.181557
http://doi.org/10.1021/acsami.0c05217
http://doi.org/10.1016/j.snb.2019.01.046


Biosensors 2022, 12, 41 10 of 10

15. Wang, Y.; Man, Y.; Li, S.; Wu, S.; Zhao, X.; Xie, F.; Qu, Q.; Zou, W.-S. Pesticide-derived bright chlorine-doped carbon dots for
selective determination and intracellular imaging of Fe(III). Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 226, 117594.
[CrossRef] [PubMed]

16. Lu, M.; Zhou, L. One-step sonochemical synthesis of versatile nitrogen-doped carbon quantum dots for sensitive detection of
Fe2+ ions and temperature in vitro. Mater. Sci. Eng. C 2019, 101, 352–359. [CrossRef] [PubMed]

17. Iqbal, A.; Tian, Y.; Wang, X.; Gong, D.; Guo, Y.; Iqbal, K.; Wang, Z.; Liu, W.; Qin, W. Carbon dots prepared by solid state method
via citric acid and 1,10-phenanthroline for selective and sensing detection of Fe2+ and Fe3+. Sens. Actuators B Chem. 2016, 237,
408–415. [CrossRef]

18. Liu, G.; Li, B.; Liu, Y.; Feng, Y.; Jia, D.; Zhou, Y. Rapid and high yield synthesis of carbon dots with chelating ability derived from
acrylamide/chitosan for selective detection of ferrous ions. Appl. Surf. Sci. 2019, 487, 1167–1175. [CrossRef]

19. Xiao, S.J.; Chu, Z.J.; Zuo, J.; Zhao, X.J.; Huang, C.Z.; Zhang, L. Fluorescent carbon dots: Facile synthesis at room temperature and
its application for Fe2+ sensing. J. Nanopart. Res. 2017, 19, 84. [CrossRef]

20. Shi, J.; Ni, G.; Tu, J.; Jin, X.; Peng, J. Green synthesis of fluorescent carbon dots for sensitive detection of Fe2+ and hydrogen
peroxide. J. Nanopart. Res. 2017, 19, 209. [CrossRef]

21. Wei, S.; Tan, L.; Yin, X.; Wang, R.; Shan, X.; Chen, Q.; Li, T.; Zhang, X.; Jiang, C.; Sun, G. A sensitive “ON–OFF” fluorescent probe
based on carbon dots for Fe2+ detection and cell imaging. Analyst 2020, 145, 2357–2366. [CrossRef] [PubMed]

22. Zhu, W.; Liu, Y.; Wang, W.; Zhou, Z.; Gu, J.-H.; Zhang, Z.; Sun, H.; Liu, F. A paradox: Fe2+-containing agents decreased ROS and
apoptosis induced by CoNPs in vascular endothelial cells by inhibiting HIF-1α. Biosci. Rep. 2021, 41, BSR20203456. [CrossRef]
[PubMed]

23. Galaris, D.; Skiada, V.; Barbouti, A. Redox signaling and cancer: The role of “labile” iron. Cancer Lett. 2008, 266, 21–29. [CrossRef]
24. Molina-Holgado, F.; Hider, R.C.; Gaeta, A.; Williams, R.; Francis, P. Metals ions and neurodegeneration. BioMetals 2007, 20,

639–654. [CrossRef]
25. Ehrat, F.; Bhattacharyya, S.; Schneider, J.; Löf, A.; Wyrwich, R.; Rogach, A.L.; Stolarczyk, J.K.; Urban, A.S.; Feldmann, J. Tracking

the source of carbon dot photoluminescence: Aromatic domains versus molecular fluorophores. Nano Lett. 2017, 17, 7710–7716.
[CrossRef] [PubMed]

26. Meierhofer, F.; Dissinger, F.; Weigert, F.; Jungclaus, J.; Müller-Caspary, K.; Waldvogel, S.R.; Resch-Genger, U.; Voss, T. Citric acid
based carbon dots with amine type stabilizers: pH-specific luminescence and quantum yield characteristics. J. Phys. Chem. C
2020, 124, 8894–8904. [CrossRef]

27. Zhu, S.; Song, Y.; Zhao, X.; Shao, J.; Zhang, J.; Yang, B. The photoluminescence mechanism in carbon dots (graphene quantum
dots, carbon nanodots, and polymer dots): Current state and future perspective. Nano Res. 2015, 8, 355–381. [CrossRef]

28. Luo, P.; Li, C.; Shi, G. Synthesis of gold@ carbon dots composite nanoparticles for surface enhanced Raman scattering. Phys. Chem.
Chem. Phys. 2012, 14, 7360–7366. [CrossRef]

29. Shah, H.; Xin, Q.; Jia, X.; Gong, J.R. Single precursor-based luminescent nitrogen-doped carbon dots and their application for iron
(III) sensing. Arab. J. Chem. 2019, 12, 1083–1091. [CrossRef]

30. Rouchon, V.; Badet, H.; Belhadj, O.; Bonnerot, O.; Lavédrine, B.; Michard, J.G.; Miska, S. Raman and FTIR spectroscopy applied to
the conservation report of paleontological collections: Identification of Raman and FTIR signatures of several iron sulfate species
such as ferrinatrite and sideronatrite. J. Raman Spectrosc. 2012, 43, 1265–1274. [CrossRef]

31. Sharma, S.; Chio, C.; Muenow, D. Raman spectroscopic investigation of ferrous sulfate hydrates. In Proceedings of the 37th
Annual Lunar and Planetary Science Conference, League City, TX, USA, 13–17 March 2006; p. 1078.

32. Angel, S.M.; Gomer, N.R.; Sharma, S.K.; McKay, C. Remote Raman spectroscopy for planetary exploration: A review. Appl.
Spectrosc. 2012, 66, 137–150. [CrossRef] [PubMed]

33. Kundu, A.; Park, B.; Oh, J.; Sankar, K.V.; Ray, C.; Kim, W.S.; Jun, S.C.J.C. Multicolor emissive carbon dot with solvatochromic
behavior across the entire visible spectrum. Carbon 2020, 156, 110–118. [CrossRef]

34. Yuan, F.; Wang, Y.-K.; Sharma, G.; Dong, Y.; Zheng, X.; Li, P.; Johnston, A.; Bappi, G.; Fan, J.Z.; Kung, H.; et al. Bright
high-colour-purity deep-blue carbon dot light-emitting diodes via efficient edge amination. Nat. Photonics 2020, 14, 171–176.
[CrossRef]

35. Lin, Y.-S.; Lin, Y.; Periasamy, A.P.; Cang, J.; Chang, H.-T. Parameters affecting the synthesis of carbon dots for quantitation of
copper ions. Nanoscale Adv. 2019, 1, 2553–2561. [CrossRef]

36. Xue, X.; Ramakrishnan, S.K.; Weisz, K.; Triner, D.; Xie, L.; Attili, D.; Pant, A.; Győrffy, B.; Zhan, M.; Carter-Su, C.; et al. Iron uptake
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